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FROM THE PREFACE TO THE 
SEVENTH GERMAN EDITION 


This volume deals chiefly with those phenomena usually designated 
as “ classical ” dectrodymmics (including the theory of electrons), in 
the treatment of which the field and the quantities associated with it 
(with the exception of the elementary charges) may be regarded as 
continuous in character. 

Considerably greater changes from the previous edition have been 
made in this volume than in Vol. I (Mechanics) and Vol. II (Heat and 
Sound). A large part has been completely rewritten. At the same time 
the number of illustrations has been very much increased, and some 
of the figures taken from the earlier edition have been redrawn. 

One of the reasons for these extensive alterations is that all material 
relating to Atomic Physics has now been brought together so as to 
form a separate volume (Vol. V). Secondly, the older text has been 
compressed, in order to make space for the inclusion of those new 
advances with which it is to-day desirable that the student should be 
acquainted. This has made necessary a complete recasting of the 
sections concerned. Thus, for example, the treatment of discharges 
through gases, generators and motors, electric oscillations and waves, 
&c., has been considerably amplified and as far as possible co-ordinated. 

Other sections have had to be rewritten because the point of view 
adopted has been altered in many respects. My own intentions co¬ 
incided with the request, made to me from many sides, for a con¬ 
sistent use of the voU-amfcre system. An alteration in this direction 
seemed to me particularly desirable since this book, in accordance with 
its conception and purpose, lays the principal stress upon the side of 
experimental physics. Now every experimental physicist employs only 
instruments calibrated according to the volt-ampere system. More¬ 
over as a result of general usage many physicists have an intuitive 
appreciation of the significance of the quantities employed m this 
system, and before embarking upon an experimental investigation find 
it necessary to express formulae in terms of these quantities. Also there 
is no longer any need to distinguish between two systems of measure- 
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ment, the electrostatic and the electromagnetic, the simnltaneons use 
of which would never be customary if the transformation factor did 
not happen to be a very convenient number. Anyone who is accus¬ 
tomed to seeing the formulae written in other forms will find in the 
appendix a table giving the very simple transformations for the most 
important cases. 

Another change is that the whole treatment has been based, with 
as great a degree of consistency as possible, upon the field theory of 
Faraday and Maxwell. Ever since Mie adopted this course with such 
distinguished success in his Lehrhuch der EMirkUat und des May- 
netismus, which I found very stimulating as a student, the didactic 
treatment of the subject has developed more and more in this direction. 
The justification for a consistent adoption of this method of |)re,sen- 
tation will hardly be questioned to-day, in spite of the fact that changes, 
more or less violent, are gradually modifying its fundamental conc.epts 
and we no longer think as we used to do about the processes nnchn- 
lying electromagnetic phenomena. 

The first chapter and the sections upon the maynet k field of curren ts 
and electromagnetic induction have been completely rewritten from this 
point of view. At the same time I have been at pains to pre.serve. the 
character of the book; on the one hand to proceed as systematically 
as possible, on the other hand always to emphasize rela.tionshi])s. Thus 
for systematic reasons, and not for the sake of tradition alone, it 
appeared to me best to start with the behaviour of charges at rest, 
and to develop the other phenomena from this as basis. 

I owe a debt of gratitude to all those who have assisted me in 
various ways with the composition of this book: especially Herr 
Professor F. Emde for many stimulating suggestions, fruitful criticisms, 
and references to relevant literature ; also Herr Studienrat I)r. Hchaul! 
for suggesting many improvements in style and for his careful help in 
reading the proofs. 

I should also like to express my thanks to the publishers for their 
sympathetic co-operation with regard to the new illustrations. 

R. TOMASCIIEK. 


MaHEVEG on the LiHN, 

October, 19SL 




PREFACE TO THE ENGLISH 
EDITION 


I have taken the opportunity of the publication of this edition to 
make a few corrections and improvements. With a view to meeting 
the needs of English readers, some new matter has been added. I 
wish to thank the translator for the adequate manner in which he has 
carried out his task, and hope that in its new dress the work will greatly 
extend the circle of its friends. 

R. TOMASCHEK. 

Marbtjkg, 

24tli Ju7ie, 1033. 


TRANSLATOR’S NOTE 

I wish to express my thanks to Mr. A. J. Davies, B.Sc., of Univer¬ 
sity College, Nottingham, for reading through the proofs of a large part 
of this volume. 


L. A. W. 
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Part I 


THE STATICAL ELECTRIC AND 
MAGNETIC EIELD 

C'KAPTI^R I 

The Electric Field of Charges at Rest 

1. The Fundamental Electrical Phenomena 

Electrification by Friction.— If a stick of sealing-wax or a dry 
vulcanitp fouiitaiii-jieu is rubbed witli a piece of fur or of dry silk, 
it. is ()bs(n'V(Hl that the rubbed bodies liave acquired tlie property of 
at tract iiig, over some distance, liglit bodies 
such as s(‘ni])s of paper, small featliers, or 
paiii(‘h‘S of indiarruliber (fig. 1). TIic region 
of s])ac(^ ill tlu‘ noigldiourhood of tlie stick of 
s(‘aliiig-\vax or tlie fountain-pen is tlierefore 
in a peculiar condition, or state, in con- 
secjiKuice of wliicli a force acts on objects of 
a certain kind, causing them to move tovvaarls 
tlu^ ruldied bodies. This 'Sstate” of space is 
(‘ssentially distinct from otlier states wliicli are 
associated in a- similar way with manifestations 
of force; e.g. gravitation or magnetism; wccall it the electrical state.'*^' 

Specially elTt'ctive metlmds for the production of the electrical state are the 
rubbing (.)f glass witli a. woollen clotli smeared with, a little zinc amalgam,f or of 
sulphur or sealing-wax with dry fur. 

The fore(\s concerned arc most conveniently studied, by observing their action 
on small light Ixxlics, such as edder-pith balls or cigarette papers, attached to dry 
line silk thn'ads. For reasons Avhich will, appear later, it is best to have the pith 
balls eoatid with gold leaf, or some other metallic wrapping. In what follows we 

Gr., fliriroHy amber. The property possessed by amber when rubbed, of attracting 
liuht bodi(‘s. was known to ilKmincicnts; Thalks (about u.o. 600) mentions that such 
jiluaionuma had Ixxm observed. GiramuT (physician to Queen Elizabeth, 1540-1603) 
proved that many ot her bodies have the property; the wordelectrical ” is duo to him. 

i* Arahium (Ofuihjdui^ an alloy of a metal with mercuTy. 

(KlUT) 1 



Fig. I. —Attraction of light 
bodies by a rubbed stick of 
sealing-wax. 
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shall always suppose that the proof hall (i.e. small testing sphere) we are using 
is provided with a metallic covering of this sort (iig. 2). Such cunirivances, by 
means of which the electrical state can be recognized, are calli‘d clecirosc'upt's. 

The body which exerts the forces is said to be cluirgHHl witli elec¬ 
tricity, or to be the seat of an electric charge. The phenonuuion. is 
thus associated in our minds with the idea that a delinitu siibstaiuM' 
(Vol. I, p. 3)—the ''electric charge”—is tlie source of tlu\s(‘ mani¬ 
festations of force, the excitiug cause of the electrical stat(‘ in its 
neighbourhood. This concept of a suhstance lias ainply juslirnMl 
itself in experience, and we shall therefore niak(‘ use ol it in tin* 
following pages. 

Electric Field. —Supposing we picture the eh'ctrie charge as sonu*- 



thing substantial (but not niaicrial, see Vh)l. I, Introduction) wi^ must 
not forget that the presence'- of this su])sta,uc('. is always associate'd 
with a peculiar state of space, viz. tln^ (h'etrical staten A n'gion of 
space throughout which a definite ])h('nonienou is continuously dis¬ 
played is said to be field of the phenomenon. WV may thcmfoiM* 
say: electrically charged bodies are surroundeMi by an vJrcfrir jivUL 

The Ether as Carrier of the Electric Field. A suitabh' j)lacc in 
which to fit up the little proof ball is under the dric'd glass b(‘ll of 
an air-pump (fig. 3). If an electrihed body, e.g. a, eiia,rg(‘(l stick of 
sealing-wax, is brouglit near the glass on the outsidig tlu* little ball 
is attracted. If the bell is then as far as possi])le (‘xlniustud of air, 
the deflection is not found to be altered to any not ieuabk' (‘xtimt. 
The electrical state therefore exists even in spacui whie-h is (k'.void of 
matter. Space must accordingly be iilled with a, sul)sta,n(;<‘- wiiich is 
capable of assuming different properties at diffc'rcmt points of its 
volume. The carrier of the electrical state in space is callt'd the ether. 

It is important that from the very outset the idea which. ftumi 
of the ether should be consonant with the facts (cf. Vol. I, Tntroduel iou). 
In any case, we must not ascribe to it the ];)roperti(*s of a. hHi(eri(d 
substance, similar to the properties of a solid, a li.(;|uid, or a gas; and 
it is'therefore meaningless to speak, for example, of tlu', (hmsity or 
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tte temperature of tEe ether, or to expect that the laws of mechanics, 
i.e. the laws of the motion of matter, should be valid for the ether. 

The ether is something entirely different from matter, and only 
advancing experience can reveal what are the projjerties which we 
may legitimately ascribe to it. Our task will be to make ourselves 
accpiainted step by step with these properties, so far as they are at 
present known. 

Negative Effect of Air on the Electric Field. —In the experiment 
just described, no change in the original deflection took place after 
the receiver was exhausted of air. We may therefore assume that 
the experiments in air which we shall describe would follow practically 
the same course in a vacuum. More exact measurements, to be cited 
later, prove that tliis assumption is actually correct (p. 85). 





Fig. 4.— (a) Repulsion of two electrified glass rods; (b) attraction between rubbed glass and 
rubbed sealing-wax; (c) attraction between rubbed glass and a non-electrified body 


Two Kinds of Electricity. —If we take a freely suspended glass 
rod (flg. 4), which has been rubbed with a woollen cloth and so electri¬ 
cally charged, and bring it near a second glass rod charged in the 
same way, the two rods repel each other. If we take a freely suspended 
stick of sealing-wax, charged by rubbing it with fur, and biing it ncair 
a second similarly charged stick of sealing-wax, the two sticks likewise 
repel each other. If, however, we bring a cliarged glass rod muxr a 
charged stick of sealing-wax, the two attract each other. The foines 
wliich act upon a. stick of sealing-wax in the neighbourhood of the 
glass rod and of the second stick of sealing-wax are therefore in opposite 
directions. On account of this difference of behaviour we say tliat 
bodies may be either positively or negatively electrified. Those bodies 
are said to be positively electrified which behave like rubbed glass * 
(when the rubber is a woollen cloth smeared with zinc amalgam— 
with other rubbing materials, glass often behaves in the contrary 
way); and those bodies are said to be negatively electrified which 
behave like rubbed sulphur or sealing-wax (when these are nibbed 

* The choice of this kind of electrification as that which is to bo called positive 
is perfectly arbitrary, and has been made on historical grounds. As we now know, 
the choico'is unfortunate, particularly on account of its bearing on the selection of the 
direction to bo considered posirivc in the case of an electric current in a metallic con¬ 
ductor. 
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with fur; vulcanite usually behaves like this, but Irtuiiieiitly other¬ 
wise). 

The foregoing experiments prove that bodies with like elec/njicalion 
repel each other ^ and those with unlike elect riji cat ion attract each other. 

When we investigate in a similar way the behaviour oj non- 
electrified {ox uncharged or neutral) bodies, we find tlu' Jolknviug nssults. 
An electrified body, whether positively or ]U‘gatively el)arg(Ml, is 
attracted by any uncharged body (ti.g. 4); and evaay ('l(‘etrili(‘d body 
likewise attracts every uncharged body. Should it liapptMi, then, in 
any experiment that we observe an attraction, wc ea-n on the strength 
of this observation alone come to no conclusioji on tlu‘ (juestion 
whether, or in which way, a body is electrified. \V(‘ must always 
obtain a repulsion, before we can determine the kind ol; (T'etriheat ion 
we are dealing with. 

The discrimination between the two kinds of eha-trie eliargv by tlu^ 
use of the terms positive and negative^ is, a.pa/rt from. th(‘ opfiosite 
directions of the forces, to this extent ;jnstih(‘d, that - | - and (hargvs 
of equal amount when added together give", tlu'. sum 0. 

If ill fact we take two small bodices, oiu^ of which, is positiv(‘Iy 
charged, and the other equally strongly lu'gativihy so that t iu^ li(‘!ds 
excited by them are at corresponding ])oints (‘xa-(tly (Mpial and opposit (* 
(as maybe tested by the strength of th(‘ attraitioiis on a- j)roof ball) 
and bring them as close to each other a.s possibhg tluui, tin hr act ions 
on the ether cancel each other; beyond a small distaiKa^ frotn them 
no electric field is observable. An exa,ct experinuuital proof on th(‘S(‘ 
lines will be given later (p. 105). 

Transference of the Electrical State. -If a proof ba ll is brought, 
into contact with a charged body, the ball, wliicli lah'ore th(‘ contact 
was attracted, is now repelled. According to th(‘ pn^cisling cxp<uh-" 
ments, this can only mean that the testing laxly now carri(‘s a cliarg(‘ 
of the same sign as the charged body which. tonclHul it. A diargi^ 
can therefore be communicated to other bodies. It is donbt-h'ss fids 
property which has been chiefly responsible for tlu^ i(l<‘a, that- (hcctric. 
charge has the character of a substa/nce. 

Conductors and Insulators. —The clmrged proof ball coviUMMl with, 
foil, which has been referred to above, loses its (dectric. <‘ha.rg(‘ a ltngct luu* 
when it is touched by the finger; the ekH*tricity is condneied away 
through the finger. This total loss of electrification (hqxuids upon a, 
perfectly general property of metals. A .nuta,! held in. th(‘ haml (fixes 
not become electrified on being rubbed; but if it is hold by a. liaiulh^, 
of glass or vulcanite and then rubbed, it does l)(x‘oin<‘ electrified. 
If it is then touched anywhere by the finger, it immediat(dy becuuues 
neutral again. 

If, however, a vulcanite rod which has been ekxtriFuxl by frietiori 
is touched anywhere, only the place touched beconuxs non-(*l<x‘t;ril*Hxl, 
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tEe rest of tEe rod still remaining electrified. We can tEerefore separate 
bodies into two classes, conductors and non-conductors (insulators), 
according as tEe electrical state spreads (or is propagated) practically 
instantaneously over tEe wEole body, or stays fast at the places where 
electrification has been produced by friction or by transference. A 
metal ball set up on an insulating rod of vulcanite or glass, or hung 
by a silk thread, retains its electrical state for a long time; con- 
sequently the air itself must be a non-conductor. (For further details 
see p. 23.) 

From these experimental facts we infer that on, and in, conductors 
electricity is perfectly free to move; w^hile on non-conductors no 
motion of electricity from place to place is possible. 

2soie. —There are no bodies on and in which there is cibsohUehj no conduction 
of electricity. Even the air has a slight conducting pownr. Hence a body sur¬ 
rounded by air only likewise loses its electrified condition after some time. It 
would be more exact to speak only of good and had conductors; however, for the 
present we shall distinguish only between perfect conductors and perfect non¬ 
conductors. 

Electrification merely a Separation of Charges of opposite Sign.— 

When a stick of sealing-wax is rubbed with fur, the scaliiig-wax 
turns out to be nt^gatively charged. But the fur also has become 
electrified, positively izi fact, as may easily be showzi by r(‘puLsion 
tests. If the sealing-v^ax. after being rubbed, is left wrap]3ed up in. 
th(' fur, and a proof ball is brought near the whole, no action on the 
])a]l is o])S(U‘veci, although after the fur and sealing-wax are separated, 
botJi of them show strong action. The two fields neutralize each other. 
Electi’ilication by friction is therefore only a separation of the two 
kinds of electricity.* 

Action at a Distance and Action through a Medium. —At this 
})oint,, the question may be asked: why do w-e assume that the re'gion 
of space in the neighbourhood of charged bodies is in a state of a 
special kind? Is it not sufficient to regard a charged body as the 
source of forces acting at a distance upon other bodies, so that the 
potential energy ” of separated charges is the equivalent of the 
work done in separating them? It would certainly be possible to 
describe all the facts already mentioned, as well as nearly all that have 
still to be dealt with in the remainder of this chapter, on the basis 
of the assumption that forces between electrified bodies act at a 

Otto vox Gueeicke (1602-86) made the first electrical machine (166:1). It 
consisted of a rotating ball of sulplmr, and the rubbing was done by hand. He was 
also the first to observe electrical repulsion (1672). Stephen Geay (died in London in 
1736) discovered the distinction between conductors and non-conductors (1729). 
Bu Eay (1698-1739) discovered the difi'erence between the two kinds of electricity 
(about 1734). Watson and Feanklin, nearly at the same time (1747), announced the 
important law that in every electrical process equal quantilies of positive and negative 
electricit}’ are produced simultaneously. 
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distance immediately. This indeed was tlie view orin'iiially iaken ])y 
physicists. It was suggested no doubt by tlu' a,nalogy bidwtaui (‘h'ctriea! 
and gravitational phenomena, the latter ol‘ whicli Iiad alrcaidy Ixmmi 
thoroughly studied; and it continued to be the popular vi(‘w uj) to 
the last quarter of the nineteenth ccuitury. 

Fabaday/^ however, was guided in in's faruvadiing diseoN’rih's 
by the entirely different idea that the viedrieat stale is (utn'ied hy the 
surrounding sjmce. The electrica.1 l’ore(‘s then^fon* [’('sidi' in spaixa 
and are propagated in it from point to poini.. This is tln^ 1 In'ory of 
action through a medium. Faraday wa,s hxl to it as the natiir*al <‘.\- 
planation of the results of the ext(Misi\a‘ ajid adniir’abh* s<a'i<*s of 
experiments in which with extras )rd in ary ])hysi(‘al insigld; h(‘ jail his 
questions to nature. The idea that (‘](‘etrieal actions \v(‘re inlluonocd 
by a sid)stancc filling spac(‘ (j). 81) was th(‘ dominating leatiin^ of 
Faraday’s thought, but the results attuiimul wemt. fai‘ ix'vond (his. 
It was not till nearly half a century (at(u-, liowaAuw, that tln^ (‘X|X‘riments 
of H. Hertz supplied the compl(‘t(‘, vauhication of Faraday's liii'orios. 
Two points were estahlished ly these exjxuhmmts. \-iz. ihat. <‘lrct i-ioa 1 
forces may exist in space devoid ol; matter and (‘ontaining no ih'cli’io 
charges, and that electricaf j)ro(‘.(‘sses a,n‘ j)ro{)agat(xl with a finilt' 
velocity (p. G21). These (experimental faits justify us in following 
Faraday from this point onwards in regarding tlu^ (hatrieal stat(‘. 
as something permeating space. 

Energy expended in Separation of Charges. Siiux^ ehariics of 
opposite sign attract one another, work must Ix' doin^ to S(q)arate t Inun. 
By the principle of energy (Vol. I, P- fill) fhis work must. ha\<‘ its 
ecpiivalent somewhere. In view of the eonsidiu’ations whi(‘h pr(M'r(lt\ 
the natural assumption to make is that tln^ (xpiiva.hmt is to lx‘ lomid 
in the excitation of the electrical state of tlu^ (dlnu* in tin* in'ighhourlnxx I 
of the charges, so that the energy rcajuinxl to (dlVci. Iln‘ scj)aration 
is stored up as electrical energy in the spa.(X‘ round tln^ charges. This 
view will be gradually elaborated as W(‘. ])roc(M‘(E and in fact will }x‘ 
put into quantitative form. 

2. The Electrical State of the Ether 

Field Strength. —The electric field, like the gras'itaf ional fi<‘ld, 
is characterized by the property that at (wery point a. forc(‘ acts upon 
an object placed at the point (a mass in the ea,s(‘ of tlu‘ gravitational 

*Micham. Fakaday was bom on 22iid 8(>pt., 1791, Njnvingion lUiWs near 
London. After some years (1804--12) spent as a bookbiadtx’ s uj)pr<‘i)ti('(‘ uixi ussislant, 
he was appointed by Sir_ Humphry Davy as la])oi‘atory a.SHiHtant. in th«‘ Moval Insti- 
tiition; hollow (1824), Director of the .Royal Institution LalH)ratorv {1825),’ProiVssor 
from 1827; died at Hampton Court, 25th Aug., 1807. He is eiru‘liv (listineuislxai for 
his researches on electrolysis and clcctroma^imtie induetiou, and for liis 
of the fact that the essential part of the action of a imigiud- or of an (‘hn-lrititMl body 
IS to be found outside the body in its held of force. This view lies at th(‘ foundation bf 
the modern theory of electromagnetic phenomena. 
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fieldj an electric charge in the case of the electric field). The electric 
field is a field of force. 

For the present (up to p. 110) we will confine ourselves to the 
consideration of the fields of charges at rest. This branch of the science 
of electricity is called electrostatics. 

A field of force can be described quantitatively by specifying 
the magnitude and direction of the force acting on a test body placed 
at any point of the field. An example of such a method of description 
has boon given in Vol. I, p. 181. If we indicate on a drawing the 
ma.gnitude and direction of the force of gravity on a test mass of 
1. gramme, for the various points of space, we obtain a graphical 
representation of the gravitational field of force. The force exerted 
upon unit of mass at any point is a measure of the strength, of th<.‘ 
field at that point. It is called the intensifij, ov field stroujlh, of gravity 
at the point; we denote it by F. The force P on an arbitrary mass, 
i.e. the weight of the mass, is obtained by multiplying the field stnuigth 
by the mass, so that P “ for according to ex])(‘riment,'‘' weight 
is exactly proportional to mass (and also to quantity of matter ”)• 

In exactly the same way, with every point of the region round 
an electrified body we can associate a vector, the electricnl intensltif, 
or electric field strength E, this vector representing in magnitude a,nd 
direction the force acting there upon a body electrified in a definite 
way, and chosen as unit. 

Determination of the Direction of the 
Force. —Just as the field of force due to 
gravity can be explored by means of a 
plumb line, or the velocity field of a mov¬ 
ing liquid can be made visible by particles Fig. 5-—Electrical pointer 
strewn over its surface (Vol. I, p. 364), 

so the electrical field can bo traced out by means of an electrical 
■pointerf which can be set up as follows. 

A fine quartz rod, supported (fig. 5) so that it can turn on a needle 
point, carries at its ends two cork balls covered with metal foil. If 
the two balls are oppositely charged to approximately equal strengths, 
they can be used to explore the horizontal field in the neighbourhood 
of a fairly large, electrified body, since the pointer, wherever it is 
placed, will always point in the direction of the horizontal component 
of the force. To determine the directions in a vertical plane an exactly 
similar pointer is used, but in this case it is arranged so as to turn 
easily about a horizontal axis. If the direction of the horizontal com¬ 
ponent is determined first by means of the pointer set horizontally, 
the direction of the force itself will be indicated by the direction in 

* Cf. Vol. I, p. 194 (experiments by Eotvos). 
f The method dates back to Gilbert (see p. 1). 
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which tie pointer sets itself in the vertical plane (k‘t<‘i‘iuinv(l by tli<^ 
first observation. 

Determination of the Magnitude of the Force.—A ball of (‘I({(‘r 
pith, covered with aliiininiinu foil and sus¬ 
pended by a fine tlmaui, as in 2, )>. 2, 
is charged positivady (say), and phuMMl at 
various points of the li(dd. Th(‘. ,liti.fi ptaidu- 
han is defficted from thv vertical })y 1 he 
action of the iield. \Vc may su|)[)os(* lln^ 
force due to th(‘ field to 1)(‘ n'soKa'd into 
two components, oiu^ liorizontal (P), tin* 
other along tlu'. line of tli(‘ tlna'ad. Wh' 
detcrniin<^ F by talcing monaaits about ih<‘ 
point of suspension 11. W’Ikmi 

the direction of tin* fore<‘ itsfif r.i ’ Y 

has been determim'd as abo\'(‘, 
its magnitude ca,n tlnm Ix' cal- dy.,, | 

culated. If W (fig. (>) is the 
weight of the l)a.ll, 8 th(‘ (hdhx*- * 

tion, and I th(‘. length of th<‘ 
thread, then P, tlu^ liorizontal 
component of tln^ forciv is 
W tana; also, for smaJl d(‘- 

■ o /f I i’u:. 7. I'K'Oi 

flectiojistana - a ^ o/t; iaaiei* punduiuiu 
P WS/l The value of 8 can 
either be read off a jnotractor (fig. 7) or, better, it can b(‘ found by 
shadow projection as explained on p. 15. 

Relation between Force and Field Strength. AVluai we invi'sligate 
the electric field in this way, we find tlie following n‘sult.s. 

(а) The force on the test body turns out in geiKU’al to vary in mag 
nitude and direction from point to point of thi‘. iifid; ihe lifid st rengt h 
assigned to a point must therefore vary as tlu^ point vari(‘s. In onier 
to make a quantitative description attainable, we- lay down the 
following definition. 

The intensity of the electric field, or field strength, E, at a point is 
taken as proportional to the force which acts on a test body charged 
in a definitely assigned way and placed at the poi^it. 

E is a vector (Vol. I, p. 39) having both magnitmh^ and direction. 

(б) Further experiments show the following rivsult.s. ddie forc(‘ 
at any given point changes, wdien the electri(^aJ, triaitmmit of tlu^ 
little testing body is varied. If, for examphs b(‘fo;re iiringing t.fie 
charged ball into the field to be measured, we toueb. it with an uih 
charged ball of equal size and then remove the latit(‘r to a. distance, 
we find that the force on the original l)all at a. givtm point of th(‘ fi<‘Id 
is now only half as great as it was before the conta,ct. Wo find further 



Fig. 6.—Forces acting upon 
an electrical pendulum 




THE ELECTRICAL STATE OF THE ETHER 9 

that the magnitude of the force is reduced to half its former value at 
all points of the field, but that its direction is everywhere the same as 
before. 

By collating the results of (a) and (6), we can therefore express 
the force on a test body by the equation 

P-QE, 

or: the force is proportional to the field strength. 

With regard to the numerical values determined by the choice of units see 
pp. 50 and 66. 

The Charge. —In order to obtain a clear idea of the significance 
of the factor of proportionality Q, we must understand definitely 
what has happened to the piroof ball to make the forces in the second 

experiment—that is, after the contact with the uncharged ball.— 

only half what they were originally. The ball which was touched 
by the charged ball, though previously uncharged, is now also found 
to be electrified. If it is now used in place of the original testing ball 
“the necessary precautions as to very good insulation being observed 
—it is found that the same forces act on it at a given place as on tlui 
original ball, after the latter has been touched. The two balls are 
therefore in the same electrical state. The cause of the diminished 
force is therefore the diminution of the electrical substance, half of 
which has been transferred to the other ball. 

The result of the experiment described under (6) above compels us 
to regard the magnitude of the force avS proportional to the quantity 
of electricity ” communicated to the test ball. The proportionality 
factor Q has therefore the significance of a '' quantity of electricity ’’ 
or amount of charge or simply charge ’b 

We see now that the reason why the forces on the ball become 
hal\u‘d is that the charge on the ball has been halved. The experi¬ 
ment shows also that we are justified in speaking of quantities of 
electrical substance or charge, for the total quantity clearly remains 
unchanged after the contact. A rigorous proof that this is so is given 
on p. 53. 

Field Lines. —If we proceed from point to point always in the 
direction of the force, and therefore of the field strength, at each 
point as it is reached, and then join the successive points by a line, 
we obtain a field line. We can imagine the whole region of space 
we are considering to be filled with such lines. They possess the 
property of never cutting each other, except, perhaps, at very special 
points, where the force is zero. This signifies that the direction 
of the force afi each point of the field is uniquely determined, and 
can be obtained by drawing a tangent to the field line at the point 
in question. 
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Hence, if we also specify in sonic way the magnitude of the field 
strength at every point, we have a ropres(‘nt<itioii ol. th<‘ elet'tneal 
state of the ether by means of the vector field of the lield stiviigths. 



a Fig. 8.—Field of a cluirged sphere 


We shall definitely stipulate that a + charge^ is to be usisl as ilie. 
test charge. As a consequence of (his convenlioiL (he fold Inirs hure 
a direction {or se^ise) pointing emmy from (he -I- c/uuges and (o/rards 
the — charges. 



Fig. 9.—Field of two spheres with equal and opposite charges 


^ When we investigate in this way the hold of force snrrntmding charges dis¬ 
tributed in any manner in space devoid of matter, and (h'pict. tlu' rcKiiH of the 
investigation graphically by means of field lines, wo recognize as a. fandanaaital 
property that these lines never end in empty space, but always go on until 
they reach an electric charge. Instead of following up the foreti from point to 
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point, wo may make the field lines visible in another way, by means of particles 
of powdered gypsum, freshly prepared from gypsum crystals; poAvdered rutile 
may he used in the same way, and crystals of quinine in vaseline oil are also 
suitable. 

The illustrations (figs. 8-13) show the course of the field lines between various 
electrified bodies. They are obtained as follo-ws. Sections of the bodies to be re¬ 
presented are cut out in tinfoil and stuck on a glass plate, and the plate is strewn 




Fig. 10.—Field of two spheres with equal and like charges 

with gypsum powder (see above). The tinfoil parts are charged, and the gypsum 
crystixis, wdien the plate is tapped, take up the directions shown in the figures 
in the field round the various electrified parts. The corresponding complete 
figures in three dimensions are easily visualized. Alongside the figures so formed 
arc the corresponding figures obtained by exact measurement with the help of 
an electric pointer, in the space around a similar arrangement on a sufficiently 
large scale. We see that the representations of the field lines obtained by 
means of the powder are only rough approximations. It must be specially em¬ 
phasized that in the exact figures there is no crossing, and no running of the lines 
into one another. The branching which appears in the powder diagrams is 
caused by disturbing discharges. 
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Tig. 8 shows the plane field round a charged disc. It corresponds to a, sect ion 
through the field of a charged sphere which is at a great distance from otliei* 




Fig. II.—Field between two parallel planes (plate condenser) 


bodies. The way in which the field lines run i.s exactly tli(‘ sann^ for a jx 
as for a negatively charged sphere; but the force on oii(‘ and t in' siuiu' (es( fliargi' 
has opposite dircctiun.s in llto two cases, [) 

and 10 show the goiuTal (H)urs(‘ of tlH‘ (‘letdrie field 
of two small spheres earrying (‘(jual cliargi's, lh(‘sc 
charges being unlike in lig. 0 an<I lik(‘ in fig. 10. 
Fig. 11 shows the particularly iinporlanl east' of llit* 
field between two parallel strips of nu'fal or, t'x 
tended to three dimensions, ht'iwt't'n 1\vo paralh'l 
planes. In this ease the field lines art'all fKirallt*!, 
except near the edge. The rn'iiwr flit' two plant's 
are to one another, the less tht' fit'ltl lint's btiLt* 
out at tho edge, and the grt'att'i* I ht'n'fdn* is I hat 
part of the field in whK^h tlu^ lint's :irt‘ straight 
and parallel. Fig. 12 sht>ws an arrangt'int'ut hy 
means of which two insulated int'tal phitt's enn he 
placed facing each other at any dt'sirt'd disianet' 
apart. An arrangement in whieli two parallt'l 
plates are set facing cacli, tdht'r is eallt'd a plate 
condenser. Fig. 13 depicts the field lines when a cliargeil {)t)dy is pr<*s<‘ut. in 
the field of a plate condenser. By tho introduction of the ehargu^ tlu' held ban 
become distorted. 



Fig. 12 

Variable plate condenser 
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Graphical Representation of the Numerical Value of the Field 
Strength. —The illustrations of field lines given above, while they 
certainly indicate the direction of the intensity at every point of the 
field, do not, so far as we have yet explained, supply any means of 
determining the magnitude of the intensity at a given point. To 
attain this object, we shall make the convention that, where the 
intensity is greater, the field lines are to be drawn closer together, 
and conversely. By density of the field lines we shall understand 




Fiff. 13.—Charged body in a homogeneous field 


the number of lines which pass through unit of area of a surface placed 
at right angles to the lines. Hence in this graphical method the value 
of the field strength (intensity) at any point of the field is represented 
by the number of field lines which cross unit of area of a surface 
drawn through the point perpendicular to the lines. In this way we 
characterize the continuous distribution of intensity by a discontinuous 
distribution of lines, i.e. by a finite number of lines drawn in the field. 
Clearer apprehension of the method—exemplified in figs. 8 to 13— 
will be promoted by the following discussion of a phenomenon which 
is more readily visualized, the streaming motion of a liquid. 

Flux of a Vector.— Think of a tube through which a liquid is flowing 
(fig. 14). For simplicity we assume that the velocity of the liquid 
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is uniform over the cross-section. The velocity ol: flow is charact(‘ri/(‘(l 
by the velocity vector (VoL I, p. 384, Repnsseiitation of fStioani Lines). 
Since the walls of the tube are impenetrabk^ and th(‘ wai<‘r is in- 
compressible, and since further we assume that th<‘r(‘ ar(‘ no soiirc(\s 
or sinks in the tube, it follows that exactly as nuich wat(*r flows in 
per second across section 1 as flows out across s(‘ction Tli<‘ <juaiitit.y 



Fig. 14. —Liquid flow in a tube Fig. 15.- I-’Iun linougli suiI.ik' 

difiori'iU iiu'liiuuiitn 


of water which per unit time cross(\s a, S(H*tion drawn porpondicnlar 
to the velocity, is found by multiplying^ tlu' vahwity of lh<‘ wat<‘r 
by the area of the section. If the section ¥' is not porpcndicnlar to 
the velocity, then, as is shown by fig. 15, w(‘ ha.V(‘ to taka* (In* aiva of 
the projection of the section upon a, plain' F |)erp<‘ndicular to tin* 
velocity. At all parts of the tube tin' product, of lln‘ velocity and 
the cross-section perpendicular to it is constaait. 

The product of any vector by an aava at ryvlit aii.uh's 1o it is called 
thefliix of the vector across or throu^tijli. tin' aava.. The name is <(criN cd 
from the foregoing hydrodynainical (‘.xaniplc, in which (he flux of 
the velocity vector is equivalent to the (piantity of wall*!' llo\\inL{ 
across tie area in question per unit time. If we ciianieterize t he lieu 
by stream-lines as explained above, tla'ii the nimiher of these lines is 
constant at all sections of the tube. Thus the density of Ihe stream 
lines does actually give the value of th(‘ velocity v.rtor at any .sivtidu. 

In exactly the same way we can divide u]. the vertor iiild of a 
field strength into tube.s (vecUn'-tKhen), the walls ol which are formed 
by lines of the field, so that no lines eiuv enter or leave the tube t hronnh 
the walls. We assume that the sjtjKM. wa*. :ire eou.sith'ring i.s fi'ee fiann 
charges, and therefore contains no sources of liehl lini'S. The ilns 
N of the field strength in such a tube, is tlnuyfore e.msi ani. .Veeordinulw 
the amount of the field strength cati, I.e eiuiraetieri/.ed in tins e;ise 
also by the density of the field lines. In fa.e|;. lin- aitv .seetiun of the 

tube we have N = EAcosd, w.here 0 is tin. angle ... the plane 

of the section and that of a nortnail (orthogonal) seeti.m. lien.’e. 
for two normal sections we htive | Ej | A, J Eo | or | E, | j E„ j 
= Ag/Ap i.e. the field strength at tuiy point (>f the tube is inversely 
proportional to the area of the normiil setdion at the point. We can 
now suppose the whole field to be divided nj) intn tidies (tdle.l niiil 
tubes), in such a way that unit flux (| N | ■ 1) pa.s,ses tiiroiigli ea.di 

of them. A narrowing of the tube corresponds therefore to .-rgreater 
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field strength at the place in question, a widening to a smaller field 
strength. The field lines are therefore to be regarded as symbolizing 
the unit tubes, in the sense that each tube is replaced by a central 
line within it. 

Field Strength round a Point Charge. Coulomb’s Law. —For the 

purpose of tracing out the connexion between field strength and field 
line density in a particular case, we shall consider the field of a point 
charge, that is, a charged sphere which is very small in comparison 



Fig. 16.—Measurement of the field strength near a charged sphere 


with the dimensions of the field we are observing. From symmetry 
we sec at once that the field is spherically symmetrical, as is also shown 
by fig, 8 (p. 10). The field strengths at various distances are measured 
with the help of an electrical pendulum of the type, for example, 
shown in fig. 16. 

A small proof sphere A covered with metai foil hangs from the ceiling of the 
room upon a biillar suspension consisting of two fine silk fibres 2 metres in length. 
A little ball 8 of the same size as A is set up on a thin insulating holder at such 
a height above the table that S and A are at the same level. The foot of the 
holder is movable along a straight guvlincf strip of wood on which a scale is marked. 
The zero point of the sca'«.‘ >o pi;o-e'! iliai, when the foot of the stand is at the 
zero point, the ball on the stand is exactly at the place which the suspended hall 
occtipies if hanging freely. 

If a charge of arbitrary amount is communicated to the hall S, while it is in 
contact with A, the latter is repelled and takes up a new position, which changes 
when S is displaced along the guiding strip. The distance at which the balls rest 
under the repulsion is SA, But, in fig. 6 (p. 8), the magnitude of the repelling 
force can be determined from the deflection MA. The length SA (= MA) can 
be measured either immediately by the scale marked on the guiding strip, or, 
as in fig. 16, by the shadows of the halls thrown on a scale T when they are strongly 
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illuminated by a distant point source of light B. The force,cun then he (*al(‘ulated 
by the method given on p. 8. 

If we consider only such distances SA a.s ar('< ginait rdatiNa' to tla^ 
dimensions of the balls and, working with, a Excm] chargu', <‘xanun<‘ 
how the force depends on the distance, we find tla^ result .1^ 
where the proportionality factor h depends on the (‘h^drifiration of 
the balls, this factor h can be further split up l)y writing P in th<‘ 
form P=QE (p. 9). If Qi is the cluirge on th(‘ hanging ball, vv(^ 
may put k = Q.ih', and then P = 

But we can just as well considm- th<' baJl on th(‘ iixed si and as 
the proof ball; and by the principle of a.(‘tion and naiction 1 lu* fona* 
on it is equal and opposite to the force on th{‘ otluu’ hall (as vv(‘ niight 
prove at once by allowing the fixed bah to liang fn'ely). IhuKa* ilu* 
factor ¥ must be proportional to Qo, the ehargi' on tlu^ iix(‘(l hall. 
We therefore have the result: the tHuUml force (werted hif (otr jioiui 
charge on another in em/pty space (p. 2) is praporiitnial to fhr prixtod 
of the charges, and inversely proportional to the square (f the distiun'e 
between them. This is called Coulomb’s law.* 

It has been shown that the valiu^ of P is pnqxu’tinnal to (f and 
Qg, and inversely proportional to r‘^. The actual value whidi is oht a incd 
for P depends on the system of measurement we (unploy (pp. SI, us). 
Deductions from Coulomb’s Law. —T]i(‘ following important n'sults 
follow from Coulomb’s law. 

1. The field strength at a ‘point in the region snrronmling (t charge 
is proportional to the charge by which it is ca used. 

2. The field strength at a qwint is qjroporfiomd to the dvnsihj if the 
field lines (p. 9) at the poiml, assuming that (dl the lines (a'iginate at the 
charge. 

For, since all the field lines j' start from tlu^ charg(\ ther(‘ being by 
hypothesis no other charge present, th(‘ iiumbiu' of liiH\s passing 
through any surface surrounding the cha/rge must be (constant. Put t he 
distribution of the lines is spherically synnmfiah.’.al. ll<uiec <lensity 
of the lines must vary inversely as th('. S(|ua,n^. of tlu' distane<‘, since, 
if the distance is doubled, for example, tlie aT(ui of the spluu*ical surface 
through which the lines—constant in numbiu’ ha.ve to go becomes 
four times as great. Generally, if N is the total numlxT of ilic IirH\s, 
and ‘}\ are two distances from the charge, tlum the two ccu’nxspnnding 
densities of the lines (i.e. number of lines ■ a-r(‘a which they (U’oss 
at right angles) are and the two densities of lines 

* This relation, discovered by Coulomb (VoL T) in 1785, i>Ia.;Vc<l a grtnit pari in t fa* 
development of the theory of electricity, on accovnit of iIm aimloi»y 1o Ninvton's law of 
gravitation. It was the first qiiaiititativo relation found in elei-trirul science. 

f As explained above, the field lines are to be regarded m rcjm'scntutitHiH oC tlm 
unit tubes. 
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are therefore inversely as the squares of tEe distances, exactly like 
the forces or the field strengths. 

The density of the field lines is therefore actually a suitable 
measure of the field strength (i.e. intensity). 

The first of the two deductions stated above shows further that 
we have to take the field line density proportional to the point charge. 
Thus: a given charge is the starting-point of a definite number of field 
lines. 

These statements are only intended to give a preliminary general 
idea of the facts. A thorough quantitative discussion of the relations 
involved will be given later (§ 11, p. 65). 

Summary.—The pictorial representation of the statical electric 
field is therefore based on the principle that the number of field lines 
shown in the picture as issuing from any positive charge (their source) 
is proportional to the magnitude of that charge. Every line ends on 
a negative charge. The negative charges act therefore as sinks for the 
lines. The field lines show at every point of the field the direction of 
the force on a positive charge; their density indicates the magnitude 
of the field strength at the point in question. 

TMs magnitude, it is true, we cannot yet define numerically, since we have 
not yet de^ed the unit of field strength. If, however, we suppose the whole 
field to he surveyed hy means of one and the same testing charge, the field 
strength everywhere becomes perfectly definite, and with the help of a propor¬ 
tionality factor can be reduced at any time to the unit eventually chosen. 

For a field of definite type, the force at a given point will increase 
in proportion to the charge by which the field is excited, and so also 
therefore will the density of the field lines. 

Diagram of the Field Lines in a Plate Condenser.—^It has already 
been proved (p. 12) that the field lines between the faces of a plate 
condenser (except very near the edges) are parallel straight lines. 
If we investigate the field between the plates by means of an electric 
pendulum, exactly in the way described above, we find the field 
strength to be everywhere the same (again leaving out the edges). 
From this it follows that the density of the field lines between the 
faces is everywhere constant (except at the edges). The field between 
the faces, having everywhere the same magnitude and direction, 
is therefore homogeneous (Vol. I, p. 191). 

Hydrodynamical An^ogy.—^As already mentioned on p. 14, the representa¬ 
tion of the current field of a moving incompressible fluid by means of the stream 
lines was discussed in Vol. I, pp. 375, 383. That discussion is exactly—even 
quantitatively—analogous to the foregoing treatment of the electric field, as will 
firequently appear in later pages. 

In this analogy, the electrical field strength corresponds to the velocity of 
the liquid. In motion tmder a velocity potential (Vol. I, p. 375), a stream line, 
on account of the incompressibility of the liquid, can only begin or end at a 
souroe or sink. The following method (due to Helb-Shaw) makes the stream 
(M617) 3 
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illuminated by a distant point source of light B. The force, can then he calculated 
by the metbod given on p. 8. 

If we consider only such, distances SA as are great relative to the 
dimensions of the balls and, working with a fixed charge, examine 
how the force depends on the distance, we find the result P = 
where the proportionality factor h depends on the electrification of 
the balls. This factor h can be further split up by writing P in the 
form P = QE (p. 9). If is the charge on the hanging ball, we 
may put h == Q^/c', and then P = Q-Jc' 

But we can just as well consider the ball on the fixed stand as 
the proof ball; and by the principle of action and reaction the force 
on it is equal and opposite to the force on the other ball (as we might 
prove at once by allowing the fixed ball to hang freely). Hence the 
factor h' must be proportional to Qg, the charge on the fixed ball. 
We therefore have the result: the mutual force exerted by one foint 
charge on another in emfty space {p. 2) is proportional to the product 
of the charges^ and inversely proportional to the square of the distance 
between them. This is called Coulomb’s law.* 

It has been shown that the value of P is proportional to and 
Qg, and inversely proportional to r^. The actual value which is obtained 
for P depends on the system of measurement we employ (pp. 81, 98). 

Deductions from Coulomb’s Law. —The following important results 
follow from Coulomb’s law. 

1. The field strength at a point in the region surrounding a charge 
is proportional to the charge by which it is caused. 

2. The field strength at a point is proportional to the density of the 
field lines (p. 9) at the point, assuming that all the lines originate at the 
charge. 


For, since all the field lines I start from the charge, there being by 
hypothesis no other charge present, the number of lines passing- 
through any surface surrounding the charge must be constant. But the 
distritoion of the lines is spherically symmetrical. Hence the density 
of the lines must vary inversely as the square of the distance, since, 
if the distance is doubled, for example, the area of the spherical surface 
through which the lines—constant in number—have to go becomes 
four times as great. Generally, if N is the total number of the lines, 
and r-^, r^ are two distances from the charge, then the two corresponding 
densities of the lines (i.e. number of lines ~ area which they cross 
at right angles) are 'N/^LTrr^^ and ]Sr/47rf2^; densities of lines 

* This relation, discovered by Coulomb (Vol. I) in 1785, played a great part in the 
development of the theory of electricity, on account of its analogy to^Newton’s law of 
gi-avitation. It was the first quantitative relation found in electrical science, 

f As explained above, the field lines are to be regarded as representations of the 
unit tubes. 
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are therefore inversely as the squares of the distances, exactly like 
the forces or the field strengths. 

The density of the field lines is therefore actually a suitable 
measure of the field strength (i.e. intensity). 

The first of the two deductions stated above shows further that 
we have to take the field line density proportional to the point charge. 
Thus: a given charge is the starting-point of a definite number of field 
lines. 

These statements are only intended to give a preliminary general 
idea of the facts. A thorough quantitative discussion of the relations 
involved will be given later (§ 11, p. 65). 

Summary.—The pictorial representation of the statical electric 
field is therefore based on the principle that the number of field lines 
shown in the picture as issuing from any positive charge (their source) 
is proportional to the magnitude of that charge. Every line ends on 
a negative charge. The negative charges act therefore as sinTzs for the 
lines. The field lines show at every point of the field the direction of 
the force on a positive charge; their density indicates the magnitude 
of the field strength at the point in question. 

This magnitude, it is true, we cannot yet define numerically, since we have 
not yet de&ied the unit of field strength. If, however, we suppose the whole 
field to he surveyed by means of one and the same testing charge, the field 
strength everywhere becomes perfectly definite, and with the help of a propor¬ 
tionality factor can be reduced at any time to the unit eventually chosen. 

For a field of definite type, the force at a given point will increase 
in proportion to the charge by which the field is excited, and so also 
therefore will the density of the field lines. 

Diagram of the Field Lines in a Plate Condenser.—It has already 
been proved (p. 12) that the field lines between the faces of a plate 
condenser (except very near the edges) are parallel straight lines. 
If we investigate the field between the plates by means of an electric 
pendulum, exactly in the way described above, we find the field 
strength to be everywhere the same (again leaving out the edges). 
From this it follows that the density of the field lines between the 
faces is everywhere constant (except at the edges). The field between 
the faces, having everywhere the same magnitude and direction, 
is therefore homogeneous (Vol. I, p. 191). 

Hydrodynamical Analogy.—^As already mentioned on p. 14, the representa¬ 
tion of the current field of a moving incompressible fluid by means of the stream 
lines was discussed in Vol. I, pp. 375, 383. That discussion is exactly—even 
quantitatively—analogous to the foregoing treatment of the electric field, as will 
frequently appear in later pages. 

In this analogy, the electrical field strength corresponds to the velocity of 
the liquid. In motion imder a velocity potential (Vol. I, p. 376), a stream line, 
on account of the incompressibility of the liquid, can o^y begin or end at a 
souroe or siok. The following method (due to Hile-Shaw) makes the stream 
(1617) 3 
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lines visible in a very beautiful way. Into the flowing liq_uid project fine-pointed 
tubes, tlixougli wMck coloured glycerine is introduced so as to indicate the course 
of the flow (see also Vol. I, pp. 384, 371). Pig. 19 (p. 119) shows such a hydro- 
dynamical analogue of an electric case (see also fig. 13, p. 628). 

3. Electrostatic Induction. Lines of Force 

We go on now to consider a second property wHcli may be used 
to describe the electric field. An electric charge calls forth in its neigh¬ 
bourhood a certain condition of space—^the electrical state—^which 
we recognize by the forces which act on objects in the neighbourhood 
and which we can measure by the field strength. But the electrical 
state of the ether in the region surrounding the charge is accessible 
to observation in another way also. 

If a metallic body is brought 
up near a charge, say an electrified 
vulcanite rod (as in fig. 17, for ex¬ 
ample), then the conductor becomes 
electrified and continues in this 
state so long as it remains in the 
field of the charged vnlcanite. To 
prove this, we touch the conduct¬ 
ing body with a proof sphere of 
metal, held by an insulating handle. 
The sphere, after the contact, turns 
out to be charged, as may be shown 
by its action on a sensitive electric 
pendulum. 

The following phenomena are observed. The charge on the con¬ 
ductor, on the side next the vulcanite, is positive, i.e. of opposite 
sign to the charge on the vulcanite; on the remote side the charge 
is negative, i.e. of the same sign as the charge on the vulcanite. In 
the intermediate region there is a zone where no sensible charge is 
found. When the conductor is removed to a distance, out of the field, 
it is found to be uncharged as at the beginning. 

The phenomenon is called electrostatic induction, or, when there 
is no danger of ambiguity, simply induction^ and the conductor is. 
said to be charged hy induction. The facts may also be stated in the 
following form. 

The charged vulcanite induces on the side of the insulated conductor 
next to it an unlike charge, and on the side remote from it a like charge, 

Keeping the conductor in the field, we now make an important 
experiment. We separate the adjacent and the remote parts from 
one another, without disturbing the insulation; and we then remove 
the two parts out of the field, and test them for electrification. They 
are found to he equally and oppositely charged. 

* The name “ influence ” is also used. 



Fig. 17.—^Electrostatic induction in the field 
of a charged vulcanite rod 
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Fig. 18 

Double 
plate for in¬ 
vestigating 
electrostatic 
induction. 


We shall next investigate how the charges produced by induction 
on the conductor depend on its position and distance from the in¬ 
fluencing charge. For this purpose we employ a double 
plate of the form shown in fig. 18. 

It consists of two small plates of the same size, fastened 
to long handles of good insulating material. The plates, 
while touching each other internally, are brought up to the 
part of the field we wish to investigate, set in any desired 
direction, and then separated. The charges on the two 
halves are examined outside the field by means of a sen¬ 
sitive electrical pendulum. This can be done more or less 
quantitatively with the help of the piece of apparatus 
already mentioned and shown in fig. 16. The charge used 
to excite the field is a well insulated, strongly charged 
metal ball. 

A. We now bring the double disc up to a point of the 
field, and examine the induced charges obtained when the 
plates are separated at one and the same point in the field, 
but with diferent orientations of their plane. It is found 

that the direction of the plates at the moment of separation is a very 
important circumstance. The greatest charge is obtained when the 
plates are set at right angles to the direction of the field. If the 
plates are oblique to this direction, the charge is smaller; if they 
are parallel to it, there is no charge. 

B. We bring the double plate up to various points in the field, 
setting the plane of the plates perpendicular to the field lines at 
each of the points; or, what comes to the same thing, setting the plane 
so that the induced charge obtained is as great as possible. It is 
found that where the field strength, as determined by'our earlier 
methods, is smaller, there also the induced charge is smaller in the 
same proportion, and conversely. 

G. We vary the charge on the metal ball by which the field is 
generated. Just as the field strength at all points of the field is thus 
altered proportionally, so also is the induced charge altered propor¬ 
tionally everywhere. 

These experimental results may be stated in the following way. 
The experiments A show that the observed induced charge can be 
regarded as the flux of a vector through the double plate (p. 14). 
The direction of this vector, in the experiments in space devoid of 
matter, is the same as the direction of the field strength at the point 
considered. The experiments B and C show that the magnitude of 
this vector is proportional to that of the field strength. 

This vector is called the displacement or electrostatic induction* 
It is denoted by the symbol D. 

The magnitude of the vector D is measured by the method already 
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explained for tLe field strengtli, viz. by tlie flux tlirough a unit of area 
set at xiglit angles to tlie direction of tlie vector. Hence tlie displace¬ 
ment is measured by tbe charge induced on an area of 1 sq. cm. set 
at right angles to its direction. ^ , 

The preceding experiments prove that the electrical intensity {or 
field strength) is proportional to the displacement. 

We can therefore write 

D = EqE, 

where Kq is a factor of proportionality, the value of which depends 
on the units employed (p. 66). 

The vector field of the displacement can be symbolized by lines, 
in the same way as the field of the intensity. The remarks made at 
p. 13 apply here also. 

The lines which characterize the vector field of the displacement 
are called the lines of electrical force. 

They are not identical with the field lines, since the measure of 
the displacement is different from that of the intensity; but the form 
of the lines of force, in empty space, is identical with the form of the 
field lines. We can therefore regard the picture of the one field as 
also representing the other field to a certain scale. 

From diagrams of field lines the following theorem can be seen 
to be true. 

The lines of force in an electrostatic field begin and end at charges. 

In an electrostatic field a line of force can always be continually 
produced until it reaches a charge. 

It is important to understand clearly a remarkable view which 
connects the electrical state with a certain excited condition of the 
ether, a view which was originated and elaborated by the genius of 
Faraday, but was misunderstood by his contemporaries. According 
to Faraday’s ideas, at any point of space in the neighbourhood of 
an electric charge not only is there a hypothetical field strength, 
which can be determined by bringing a proof charge up to the point, 
but, even when there is no proof charge there, the ether is in a condition 
of electrical excitation due to the main charge. 

The state of excitation of the ether is in Faraday’s view something 
real. The charges are accordingly not mere centres of force in the 
same sense as, for example, the masses referred to in Newton’s law of 
gravitation but, as Faraday believed, they are the originating centres 
of changes of state in the surrounding medium. On this theory, the 
view which regards the charges as the ends of lines of force receives 
a definite interpretation. 

From the above explanations we see that the electric field can be 
represented in two ways, by means of either the field Strength or the 
displacement. This appears at first sight to be a needless complication* 
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The advantage of this duplicate possibility in the picturing of an 
electric field will come out clearly when we reach the discussion of 
fields occupied by matter (§ 15, p. 82). 

Mechanical Analogy.—Similar relations exist in an elastic medium which is 
in a state of deformation (or strain) under any applied forces. The strains in the 
interior of a medium (in an analogous way to the electric displacement) show 
their presence, with the help of some indicating mechanism, by forces of tension 
and pressure across sections through the medium. Just as we can represent the 
elastic state of a medium by means of either stresses or strains, so we can repre¬ 
sent the electrical state of the ether either by the intensity or by the displace¬ 
ment. In an elastic medium strain and stress are connected by Hooke’s law 
(VoL I, p. 197), which states that the two are proportional to one another; this 
law may therefore be said to correspond to the relation given above, D = KqE. 

Lines of Force and Stress in the Medium.—^It is possible, in the light of Fara¬ 
day’s ideas, to regard the lines of force as more than mere symbols of unit tubes 
of flux of the vector “ displacement ” (tubes chosen arbitrarily, i.e. according to 
the system of measurement employed). We can, in fact, regard the lines of force 
as having a real existence, in much the same sense as a vortex filament or a vortex 
ring (Vol. I, p. 381) has a real existence as a particular state of space. Although 
this view departs from the strict conception of a continuum, it is nevertheless of 
very great value as an aid to the imagination, and we shall go in some detail 
into its applications. 

If we consider the diagram of the lines of force of two oppositely charged 
spheres, we can easily imagine that the attraction between the two spheres is 
brought about by a tension in the lines of force, and that therefore—to employ 
a mechanical analogy—the ether must be in some sense in a state of stress. 

Since the charges situated at the two ends of a line of force attract each other, 
the force in the direction of the lines must be a tension. Clearly, however, there 
must be some mutual action between the hues themselves; for otherwise they 
would necessarily, like stretched rubber bands, always follow a straight path 
between the charges, so as to be as short as possible. A glance at fig. 9 (p. 10) 
shows, however, that this is not the case, the lines in this example bulging out¬ 
wards m the middle. There is therefore a transverse force of repulsion between 
the individual fines of force; the lines behave like stretched elastic threads which 
mutually re'pel each other. 

In the electric field a tension exists in the direction of the lines of force, a 
pressure in all directions perpendicular to them. 

Since the charges are bound, as the preceding experiments show, to the 
bodies which carry them, the forces which are observed are forces between 
material bodies, e.g. between the glass rods and the sticks of sealing-wax in the 
examples given above. Fig. 13 (p. 13) shows very clearly how the force arises. 
The figure shows the force to be composed of two parts. The charged body’s 
own field strengthens the homogeneous field on the side next the positive plate, 
but weakens it on the other side. The charged body is on the one side pulled 
towards the positive plate by the tension of the lines of force, and on the other 
side pushed towards it by their pressure. 

4. Persistency of the Electric Field 

Insulators and Conductors.—^We can now consider a little more 
fully the difference (already mentioned at p. 4) between insulators 
and conductors. The question to be examined may be introduced 
in this way. The experiments with which we began show that bodies 
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wMcli are electrically charged obey the forces of tension or pressure 
in ttiG lines of force (§ 3^ p. 21). We now ask: can tlie electrical sub- 
stance move in obedience to the_ tension of the lines independently 
of the body with which it is associated? 

To settle this question, wo proceed 
as follows. We set up at a suitable 
distance from one another two metal 
balls, attached to glass or, better, 
amber handles (fig. 19). We give the 
two balls charges of opposite sign, say 
by touching the one ball with a rubbed 
glass rod, the other with the material 
Fig. 19.—Diagram of the form of the lines used tO rub it; the field thuS produCCd 

of force between two oppositely charged approximately represented by the 

balls upon insulating stands. shown in fig. 19. This stato per¬ 

sists without change for a long time. 
It follows that the charges cannot obey the forces along the lines. Wo now 
repeat the experiment, after we have connected the two balls by a metal wire. 
We can then prove that, after the connexion has been made, either the two 
balls are both uncharged or the charges they carry are of the sa77ie sign. 

This result can only mean tkat the two charges of opposite sign 
have yielded to the tension of the lines of force, and have united with 
each other. If the positive charge was exactly equal to the negative 
one, the whole system is now free from electrification; if one of the 
charges was in excess, the excess charge is now distributed over the 
system, so that the two balls are similarly charged. If we connect 
the two balls by a silk thread, no equalization of the charges takes 
place. If we use straw (a semi-conductor) the equalization takes a 
long time. Conductors are therefore characterized by the property 
that charges can move freely in them, in obedience to the tension in 
the lines of force; in semi-conductors this only occurs to a certain 
extent, in insulators scarcely at all.* 

The foUowing is a list of solids classified according to their conducting power.f 
Liquids and gases will he dealt with latex (p. 23). 

Conductors.—AH metals, charcoal, graphite, metallic lustrous minerals such 
as iron glance and lead glance. 

Semi-conductors. —Glass, most stony minerals, linen, leather, straw, wood. 
InsuMors,~-(iuQ;rtz, mica, resins, silk, parajBfin, vulcanite, bakelite. 

The best msulators for fine electrical apparatus are amber and quartz. 
Strictly speaking, there are no perfect insulators in which a charge can bo main¬ 
tained indefinitely, except a vacuum, that is, pure ether. The perfect insulator 
is therefore an abstraction, like an absolutely rigid body. 



* Here the question is left open, whether charges of both signs are freely movable. 
It IS known, however, that only negative charges are movable without simultaneous 
motion of matter. See, however, p. 345. 

t Quantitative statements are given at p. 223, where conduction is treated more 
thoroughly. At present the main point is to be able to recognize under what oiroum- 
stances a statical field is possible at all. 
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Earthing.—A large fraction of the total number of lines of 
force proceeding from a charged system may terminate in the neigh¬ 
bourhood, as happens, for example, with the system in fig. 19. If 
therefore, in the experiment described on p. 22 for example, we 
connect one ball by a wire with the wooden table, then the ball loses 
its charge, for the electricity flows away through the wire, and 
becomes united, through the wood of the table and the walls or ground, 
somewhere in the neighbourhood with the opposite charge. We say 
that the charge is conducted to earth, or that the ball is earthed. In the 
same way, we can in general discharge the ball by touching it with 
the hand, for clothing and the human body conduct to some extent, 
and so set up the connexion to earth. To break the earth connexion 
we may wear dry rubber shoes or stand on some non-conducting material, 
contact with the hand being then no longer suflSLcient to cause earthing. 

In all electrical experiments, therefore, care must be taken that 
the bodies to which we wish to communicate electrical charges are 
insulated from the earth. Also, we can now see why in the experiments 
described in the introductory sections it was necessary to use silk 
threads, glass handles, pieces of amber, and so on. 

Conductivity of Liquids and Gases.—^If again in the experiments 
of p. 22, we connect the balls first by a dry silk thread, and then 
by a wet one, we find in the first case very good insulation by the 
thread, but in the second case very good conduction. It follows 
that water is a conductor, especially, as we shall see later, if it 
contains salts in solution; but very carefully purified water is a 
poor conductor. Since in damp air a film of water is formed on 
the surface of many solid substances, particularly glass, and since 
such a film conducts fairly well on 
account of the salts dissolved in it, 
these substances are not reliable insula¬ 
tors in damp air. For other liquids 
see p. 248. 

Air, and gases generally, are very 
good insulators. There are condi¬ 
tions, however, in which they become 
conductors, e.g. very high tempera¬ 
ture or very low pressure. 

Conductivity resulting from high temperature is easily shown 
by bringing a charged body into contact with a j&ame (fig. 20). The 
body also loses its charge very rapidly if the gases, after leaving the 
flame, are made to pass along its surface; the gases therefore retain 
the conductivity, which they have acquired by the high temperature, 
for some time after they have cooled down. If good insulation is 
desired in a room, flames must be carefully excluded, for the gases 
can retain their conductivity for a long time. 
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Insulation and Field Strength. —ISlo insulator maintains its in¬ 
sulating power beyond a certain intensity of field; When the intensity 

exceeds a definite value, the ma¬ 
terial can no longer prevent the 
charge from giving way to the 
tension of the lines of force; the 
insulator becomes ruptured, usually 
with formation of a spark and 
damage to the material, if that is 
a solid. Quantitative results are 
given in an Appendix. 

Even ail* becomes a conductor under 
the influence of strong electric fields. 
A ball, even if weU insulated, loses its charge very quickly if fitted ■with a pro¬ 
jecting point (fig. 21). The general course of the lines of force for this case is 
shown in fig. 22. It will be seen that the lines are crowded together near tlie 
point, showing that the intensity there is very great. Under the action of this 
high intensity the charges can get away from the point and yield to the pull of 
the lines of force {action of points). The charges also carry with them the air near 
the point, so producing an electric wind, which can be demonstrated well by 



Fig. 31 .—^Point action 



Fig. 23 .—^Form of the lines of force 
between a point and plate 





Fig. 33.—Electric wind 


means of a flame (fig. 23). To make the phenomenon easily visible, it is necessary 
to charge the ball continuously, e.g. by the electrical machine described below. 

When the oppositely charged conductors axe brought nearer each other the 
density of the lines of force increases so much that the air becomes conducting, 
and fina,lly a spark leaps across. The spark may be regarded as a filament of 
air of high conductiug power, which effects the coimexion between the bodies. 
The value of the rupturing intensity in gases falls rapidly with diminishing 
pressure. At low pressures air is a bad insulator (p. 298). 

Applications of the Action of Points.—Boint action is probably rcvsj'xjn.siblo 
for a part of the effectiveness of a lightning conductor. The air in tiio neighbour¬ 
hood of the point, in the presence of a highly charged rain cloud, becomes con- 
tmuously conductmg on account of the great density of the lines of force, so 
that the (hscharge of lightning is deflected in the direction of the lightning 
conductor (p. 351). ^ 

Point action is frequently used as a means of withdrawing a charge from 
charged conductors, without having to touch them, though the discharge is 
only partial, smee with dimtohmg intensity the point action finally ceases. 

Une such apphcation of point action is made in the frictional electrical machine, 
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an apparatus in which, electricity is continuously produced hy friction, applied 
to a rotating insulator... 

The ^late electrical machine (fig. 24) 
consists of a glass plate S, the rubber R 
(two leather pads treated with zinc amal¬ 
gam, pressing against the plate S by 
means of a spring), a metal ball C (the 
conductor ”), and the collecting con¬ 
trivance H. Two silk aprons L are also 
attached to the rubber, and lie against 
the glass. They prevent (by the forma¬ 
tion of a double layer, p. 106) the spreading 
of the charge over the glass, which always 
conducts a little. The coUeoting device 
H consists of two wooden or metal rings, 
carrying a row of fine points on the 
side facing the plate; by means of these 
a part of the charge of the glass plate 
is transferred to the ball 0. The rubber 
and the conductor stand on insulating, 
supports. 

When the plate S is turned, it be¬ 
comes positively charged by the friction 
of the rubber, and the rubber becomes 
negatively charged. Negative electricity 
is collected on the conductor K. 

The Intensity in Conductors.— 

When a conductor is charged, the 
lines of force arrange themselves in such a way that they connect 
the opposing charges by as short a path as is consistent with the 
equilibrium of tension and pressure in the lines. If for example we 
charge an insulated metal ball, its lines of force end on the sur¬ 
rounding bodies. The charges on the ball are therefore pulled outwards, 
and in the state of equilibrium must be situated on the outside surface 
of the ball. Clearly it makes no difference in this respect if the ball 
is hollow. 

It can be verified that the charges do actually behave in the way 
which on the ground of their free mobility in conductors we are led 
to expect. 

An insulated metal ball of 5 cm. radius is electrically charged; the lines of 
force due to the charge end on the surroundings. If we touch the ball at two 
opposite points simultaneously with two proof spheres of the same size, one of 
which is solid and the other hoUow, and test the electrical state of the two 
testing spheres in succession by means of the same little electric pendulum, we 
find exactly the same throw of the instrument in the two cases. It follows, in 
accordance with the equation given at p. 9, that the solid sphere has taken up 
the same quantity of electricity as the hollow one. The conclusion is therefore 
justified that in electrification only the surface of the body matters, and that 
the charge-distributes itseKnon the surface only. 

To investigate the matter further, we employ a hoUow metallic body, e.g. 



Fig. 24.—opiate electrical machine 
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a lioUow sphere (fig. 25), in which there is a hole large enough to admit a proof 
plane or a proof sphere, without touching the edges of the opening. If wo charge 
the hollow metallic body, and then touch it on the outside with the proof sphere, 
the latter when tested with the electric pendulum is found to be electrified. If, 
after discharging the test sphere with the finger, we insert it within the hollow 
body, touch the inside surface with it and then withdraw it without touching 
the edge of the opening, we find that it is absolutely free from electiification. 
The same result is found when we investigate the internal surface of any conductor, 
no matter of what shape, provided the lines of force end on its external sur¬ 
roundings. 

The charge of a metallic conductor therefore resides on its surface. 



The opposmg charges may of course be so situated that the surface spoken 
of here is the j«reer surface. This is easily proved as foUows. Into a hollow .sphere 
of metal, provided TOth an opening as in the experiment just described, is 
mtroduo^ a small ball; the latter is insulated from the hollow sphere and con¬ 
nected with the earth (fig. 26). The hollow sphere is then chargecl. In this cZ 

to tlie 

s^ mTSZ®'; soes from the inner surface to the 

small baU,_ which on account of its connexion to earth also belongs to tho “ sur- 
rountogs . Fig. 27 shows the lines of force. If we now introduce throuch the 

It does not touch either the edge of the opemng or tho small ball inside and if 
we brmg mto contact with the inner surface of the hollow sphere and then 

^ accordance with our expectation and in 
contrast to the precedmg case, that it is charged. ^ 

nn ExpeiTM.-We see from these experiments that 

an electric field can never penetrate into a hollow space completely 
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a wire cage (fig. 28) over the pendulum. If we now bring the charged body near, 
no throw follows, provided that the wire netting is sufficiently fiine. The field 
does not penetrate into the interior of the space shut ofi by a conductor. If the 
cage is insulated, we can also charge it as strongly as we please, but stni no field 
can be detected inside it. 

In 1836 Faraday carried out this experiment on a large scale. A box, covered 
externally with conducting material, was made of such a size that he could go 
inside it himself. When the box had been insulated from the earth, he went 
into it with a sensitive electroscope. By means of powerful discharges, intense 
sparks were then made to play over the outside of the box. No throw of the 
electroscope was observed, and Faraday himself felt no effects from the sparking. 



Fig. 27.- “Diagram showing the lines of 
forc€ in fg. 36 



Fig. 28.—Faraday’s cage 


The final result of tlie above experiments can be summarized in 
the statement: 

The electric intensity in the interior of a conductor is zero. 

Electrostatic Screening Effect .—These phenomena are made use of 
in practice for the purpose of protecting sensitive electrical apparatus 
from the influence of external electrostatic fields. The apparatus 
is enclosed as completely as possible within a metallic envelope, 
connected throughout to the earth. 

Form of the Lines of Force at the Surface of a Conductor .—Since 
the charges are free to move in a conductor, the lines of force which 
end on the conductor must do so at right angles to the surface. For 
any tangential component would cause a displacement of charge, 
which would continue so long as any tangential component was left. 
For a rigorous proof of this * see p. 92. 

5. Electric Pressure 

The Condition of Eauilibrium of the Field Lines.—^Up to this point 
we have characterized the electrical state of space round two opposite 

* Frequently there are particular places where this is not the case. The special 
feature distinguishing these places (usually points or closed curves) is that the direc¬ 
tion of the force is indeterminate. See e.g., in fig. 63, p. 66, the great circle at right 
angles to the direction of the field. 







28 THE ELECTRIC FIELD OF CHARGES AT REST 

charges by tbe diagram of tbe field lines. In most cases, however, it 
is niinecessary to possess so detailed a knowledge of the field as a 
whole, and the question arises whether there is not some single 
magnitude by which the field may be characterized more summarily. 

Taking the diagram of field lines (fig. 9, p. 10) for two opposite 
charges, we remark that in the state of equilibrium under the tension 
and transverse pressure of the lines of force, the line density, as also 
therefore the field intensity, is greater in those parts of the field where 
the field lines between the charges are shorter. The conjecture at 
once suggests itself that in any given case a simple relation must exist 
between these two quantities, viz. the density of the field lines and 
their length. This is in fact true. We can find out what the relation 
is by the following considerations. 

Work in the Electric Field. —The work done over an element of 
path ds is (Vol. I, p. 85) equal to the length of the element multiplied 
by the projection of the force on the direction of the element. If the 
magnitude of the moving charge is Q, and the intensity at the place 
in question E, then (p. 9) the force is P = QE; thus P has the same 
direction as E. The work done on the charge Q when it moves over 
ds is therefore 

dW = P cos (P, s) ds = QE cos (E, s) ds. 

The expression is positive when a positive charge moves in the direc¬ 
tion of E, so that in this case work is gained. It is negative when 
work has to be expended. The work gained when a charge moves from 
a point M to a point N is therefore, since E varies in general from one 
place to another, given by the integral of this expression over tlie 
whole path, i.e. we have 

W == qJ^ E cos(E, s)&. 

The value of the work depends therefore on the product (at each point) 
of E and the component of the path in the direction of E. This com¬ 
ponent, viz. dscos(E, s) we shall denote by dsj^. The above integral 
is therefore what has been called (Yol. I, p. 87) the line-integral of 
the electric intensity. 

The line-integral of the electric intensity between the points M 
and N may be called the electric pressure or tension * between M and N* 

The total pressure between the two ends of the path is therefore 
given by p 

If the path is traversed in the reverse direction, the value of the 
pressure clearly changes sign. The notion of pressure allows us to 
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express work done in tke electric field in a simple way. We Lave 

W= QVl 

The worJc done when a charge Q moves from one to the other of two 
points, between which there exists a pressure or potential difference U, 
is equal to the product QU of the potential difference and the charge, 

Tke numerical value of tke work done depends on tke units adopted 
for tke three quantities W, Q, U. 

We therefore write 

W =/QU, 

where / is a factor depending on the units used. As to the value of 
this factor, cf. p. 50. 

In a Homogeneous Field Pressure is Independent of the Path.— 

That the pressure between two points in a homogeneous field has always 
the same value, whatever 
path be taken between the 
points, may be seen as fol¬ 
lows. To determine the 
pressure between the points 
A and B (fig. 29), we have 
to evaluate the line-integral 
along any curve from A to 
B. We can approximate to 
the curve as closely as we 
please by a staiicase-like Fig. 29.-Pressure in a hon>ogeneoua field 

series of short straight lines, 

alternately parallel and perpendicular to the field. The little lines 
perpendicular to the field contribute nothing to the line-integral, 
since for these cos (E, s) == 0. The line-integral for any curve is 
therefore given by the product of the intensity and the projection 
AP of this curve on the direction of the field. This projection is 
the same for all curves from A to B, and the pressure is therefore 
independent of the path. 

Work over a Closed Circuit in a Homogeneous Field. —^It follows 
from what precedes that for any closed curve in a homogeneous field 
the line-integral is equal to 0; for the integral from B to A is equal 
and of opposite sign to that from A to B (fig. 30). It therefore follows 
from the expression for the work obtained above that the total work 
done, when a charge moves round a closed circuit in a homogeneous 
field, is equal to 0. 

In a Statical Field the Work over a Closed Circuit is Zero.—^By 

means of the principle of energy, the result just obtained may be 
extended to an arbitrary field. If in fact the work over a closed circuit 
were not zero in a given field, or, in other words, if in the motion of 
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a charge between two points the work gained on the outward journey^ 
for example, were greater than the work lost on the return journey, 

the field remaining unchanged, then 
we could gain an indefinite amount 
of work by taking the charge round 
the complete circuit, without any 
change taking place in the field; 
for after the circuit is traversed 
Fig. 30 .—Closed path in a homogeneous field the Original conditious arc cxactly 

restored. This, however, would be 
a violation of the principle of energy, which denies the possibility 
of “perpetual motion^'. 

Hence the principle of energy gives the result: 

In a statical field the work over any closed circuit is zero. 

If follows that the linedntegral of the intensity round any closed 
curve, in the statical field, is zero, i.e. 

^EdSs = 0; 

wieie tlie small circle attached to the sign of integration indicates 
that the path is closed. 

This may also be expressed in the form: 

The pfessuTe in the electTostcdio field is independent of the potli. 

It follows E&b =J^ Ejcfo; wliich justifies our procedure in speci¬ 

fying the electric field between a fixed and a variable point by a single variable 



If the Ime-mtegral round a closed path has a value other than 0, 
say a positive value, then work is gained when a charge is taken round 
the circint. This work can only come from the electric field, i.e. the 
must suffer some change in the process, and the energy 

“rT circuit 

agam and agam, the value of the line-integral must finally fall to 

JO, smce It is impossible to extract an indefinitely great amount 

correspond! as we have 

]ust seen, to txie state of ecjuilibrium. 

so constituted 

SfiS. ^ conditims given in the case con- 
siaerea, ms a rmmmum value. 

meat of the field stongtHh^tlhe ^ fwithout measuro- 
were not the oL 4 y ^ homogeneous. In fact, if this 
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us later. They are exactly analogous to those types of fluid motion called laminar 
(Vol. I, p. 371). Such a field would therefore be a wrtex field (see below). 

The introduction of the idea of 
pressure as the line-integral of the 
electric intensity is of very great 
advantage in the treatment of all 
electrical prohlems, for in this way a 
fundamental property of the field lines 
is expressed in a quantitative form 
which is very easy to apply. 

The notion of electric pressure also Fig. 31.—Field without definable 

derives special importance from the practical pressure (vortex field) 

considerations (1) that measurements in 

the electrostatic field are almost-'exclusively—on account of their great con¬ 
venience—measurements of pressure (p. 33), and (2) that pressures can easily 
he quantitatively reproduced (p. 44). 

The Electrostatic Field is Irrotational. —^Erom the condition of 
equilibrium defined by means of the notion of pressure we can deduce 
another fundamental property of the electrostatic field, viz. that in 
equilibrium no field line (and hence no line’ of force) can be closed, or 
return into itself. In fact, if such a line existed in the field considered, 
we could take a closed circuit round which the line-integral of the 
intensity would not vanish (cf. e.g. Vol. I, p. 379). Such an arrange¬ 
ment is therefore inconsistent with a state of equihhrium. A field 
line, or line of force, which is closed is called a vortex from its 
analogy to a closed stream line in vortex motion of a fluid (Vol. I, 
p. 381). We can therefore say: 

The electrostatic field is irrotational, i.e. free from vortices. Its field 
lines begin at positive charges and end at negative charges. In the state 
of equilibrium closed field lines do not occur. 

Fields of force also exist, as has just been mentioned (p. 30), in 
which no closed lines of force occur, and which nevertheless are vortex 
fields; the case when closed lines of force occur is only a special case 
of a vortex field. The relations involved have already been fully 
discussed under fluid motion (Vol. I, p. 377). The essential condition 
that a field should be irrotational is that at any part of the field the 
line-integral round a small closed curve must vanish. 

Intensity and Pressure. —If we take the notion of pressure as 
our starting-point, we can regard the pressure between two points 
of a field line, whose distance from one another is equal to the unit 
of length, as giving the mean field strength, or intensity, between the 
two points. 

We can therefore determine the intensity by measuring the pressure 
between two points 1 cm. apart-and upon a line lying in the direction 
of the field (cf. p. 66). 
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Since tEe pressure is the same for all field lines of the same system, 
i.e, for all field lines which begin and end at the same points (or on 
the same conductors), it follows that the mean intensity over a field 
line is inversely proportional to its length. 

Potential. —To state the value of a pressure means nothing, unless 
the two points or conductors are specified, the pressure between which 
is referred to. Many investigations are simplified if for one of these 
places of reference we take a fixed conductor which is always easily 
accessible. A very convenient conductor for the purpose is the earth 
itself (stones, masonry, wood are in fact satisfactory conductors if 
sufficiently damp). 

The electric pressure at a point relative to the earth is called the 
electric potential at the point. 

The value of this definition lies in the fact that the pressure between 
two points can be found at once when their potentials are known. 

We can in fact take the line, along which we are to calculate the 
line-integral from A to B, in such a way that at least one point of it, 
say E, lies on the earth’s surface (the ground). We have then (fig. 32) 



But is the potential at the point 
A; and with sign changed, is the potential 
Vb at the point B. Hence 


Fig. potential Tfe fresswe between two points is equul to the 

difference of the potentials at the points [or 
briefly, their potential difference). 

^ Clearly pressure can only be specified as a potential difference 
m those cases where it is independent of the path, i.e. where the field 
is irrotational. It is only in such cases that the idea of potential has 
any meaning. 

/Vnl^T irrotational is also possessed by the gravitational field 

X property was found as the condition for the existence of a 
conation that work in the field should bo in- 
d^endent of the path, as we know from experience that it is. Starting from this 

^tSwwlha™!® “Produce mto electrostatics also all thoso^analytical 
^ s^) founded on the existence of a potential (of. e.g. Vol. I, p. 181 

Potential Distribution in Conductors.—Since there are no linna of force in 
the mteior of a conductor in equilibrium (p. 26); since SaroM^nd tim same 
Ime of force cannot hegm and end on the surface of a single conductor Ifor then 

Sth Jnnf "fr’ ^ conductor, Xld oH the tonsLn 

f the line of force and at once neutralize each other); and since further the linoB 
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integral of the electric intensity between two points of a conductor must be nil. 
Otherwise put: 

Between two points of one and the same conductor there exists 
in the state of eauilihrium no potential difference. 

It also follows that the potential difference between two different 
charged conductors has a constant value, no matter what points on 
their surfaces we consider. 

Value of the Potential Difference in Special Cases.— 

{a) The field between two parallel planes has been found above (p. 17) to be 
horr>05^eneou«: the intensity bas therefore the same value everyv^hcre. Since 
ilh: ei-ianee b.;-! the plates is also constant, equal to s say, the line-integral 
becomes simply 

U= -Rs. 

(h) We consider the system formed by two spheres carrying equal and like 
charges. The arrangement of the field lines is (as is shown by fig- 10, p. 11, 
and as indeed is to be expected, since the charges are interchangeable) symmetrical 
wdth respect to the plane bisecting at right angles the line joining the charges. 
If we take the line-integral along this joining line we see at once that the parts 
contributed to it by the two halves of tlio line are equal but of opposite sign; 
lienee the value of the whole line-integral is 0. 

The same is also true for any line joining the spheres; for the value of the line- 
integral is independent of the path (see p. 30). 

(c) Another important case is that of two concentric spheres, carrying equal 
Imt opposite charges; for the field due to these is very similar to the field due 
to a ciiargod insulated conductor whose surroundings are at a considerable dis¬ 
tance. Tor one sphere, the field lines are distributed uniformly, and run radially, 
so that if produced into the interior of the sphere they would pass through the 
centre. Hence the intensity is the same as if the charge on the sphere w'ere con- 
cieutrated at its centre, or (p. 16) E,. = /Q/r^. If another conducting sphere is 
})rescnt, outside the first and concentric with it, the field lines are exactly 
us before. Hence the potential difference between two concentric spheres of 
radii r and R {spherical condenser) is given by 

The effect of the term 1 /R diminishes rapidly as R increases. If R is very great 
compared to r, we can put 1/R = 0. We see then that the potential of an in¬ 
sulated charged sphere relative to its surroundings is practically independent 
of tlic position of the surroundings, provided they are at a sufficient distance 
from the charged body. 

6. Measurement of Potential Difference 

Principle of the Method of Measurement. —To measure a potential 
difference we require first of all an instrument capable of indicating 
the presence of this difference and of determining its magnitude. The 
magnitude or numerical value can, in the first instance, only be specified 
in terms of an arbitrary unit. Hence, in order that we may be able 
to repeat a measurement at any time and anywhere, we have next 

(EG17) 4 
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to define a unit, wliicli can be reproduced correctly at any tini(\, and 
witboiit too great difficulty. We shall first deal with tlic i/trasHri,/;/ 
instruments. 

The principle underlying the measurement of potential dilhu’ciux^s 
rests on the fact that the potential difierence between two conductors 
is the same for all of their points (p. 33). If tlien the two points 
A and B, the potential difference between which is to be dc^tenniiuMl, 
are put in conducting connexion with two metallic bodi(\s ( I and J) 
insulated from one another, the potential difierence betw(H'n (' aiid 
D is the same as that between A and B. The metallic bodies (1 and J) 
can be set up in such a way that the field between them (‘X(*rts, on 
easily movable parts, mechanical forces which are dcliiiitv mui 
measurable. An. instrument of this type is called an electrometer (.n- 
electrostatic voltmeter.'^ 

The forces exerted on the movable parts by the t('nsiou and 
pressure of the lines of force are balanced by gravity or a.ii (‘bistic 
force. 

Simple Electrometer.— In this the tension or pressure of the line.s 
of force, corresponding to the potential tliffo>rence to be niensiitvd 
in the electrometer, is used directly. 


The most primitive instrument, suitable only for miiyh ... i.s 

the “gold-leaf electroscope” (lig. 3;i). K; coMsi.sIs of a 
a metal rod, from the lower C2id of which are sii.spcided 

tiTO mobile leaves or strips of metal foil (gold or .'ilu- 
^ Ik. minram); these aro enclosed in a luefal eas<'. in liieli 

are glass windows. 

/ \ carrying the leave.s is let info tlie melal 

I A \ ^ stopper made of some insulating mat (‘rial, 

I /\ I ^^|caiiite or parafifin-wax. Jf oiu^ point of tin' 

\ / \ / examined is put in eondneting conmmni- 

V / cation with the upper end of the metal .rotl, and I lit* ot hn- 

pomt of the system with the metal cas(h ihm ihr p, it (dil ia 1 
l x difference to bo measured will now exist; Ix-tAUha. Ila* 

leaves and the sides of the case. .Fig. ;u sliows that Mn* 

electroscope ])<islK‘d apart h's’ 

SwlrZm! ” 

situated between tL " '■"'"t''"'' 

form tt. 3™ by S 


» Por the unit of pressure called the voll sec p. 43. 
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leaf F, of an arm 'B, wliich is in conducting connexion with the casing. When 
this is done, nearly the whole of the lines of force which issue from the movable 

leaf F end on this arm; this 
result is also partly due to 
the fact that the fixed bar 
A, attached to the rod CS 
insulated from tho case by 
the vulcanite E, has a charge 
of the same sign as F. The 
movable leaves are therefore 
attracted towards B. The 
more favourable distribution 
of the lines of force makes 
the electroscope more sen¬ 
sitive. 


34- Form of the lines of force in a gold-leaf electroscope Fig. 35 .—Exner’s electrometer 

For higher potential differences a form of the instrument due to K. F. Braun 
is often can ployed (fig. 37). Tliis electrometer consists of a fixed rod, and a double 
point (.a; movable in a bearing situated a little above its centre of gravity; the 
rod and pointer are in conducting connexion. Tho metal case f(.)rms the otluT 
TJie mode of action is in principle the same as that of tho instrinnents 
a 1 reach' described. 

It should be specially noted that the panes of glass, vliicli in most types of 
electrosc'opo are much too large, should bo as far as possible covered ]>y a 
conducting metal plate, or by tinfoil, connected to tho casing; otherwise, because 
oi the cliargcs on the badly conducting glass, the field is not perfectly definite, 
and the readings obtained inay be quite wrong. 

A practical form of electrometer constructed on the foregoing lines has the 
following features. A movable plate in the middle is in conducting connexion 
witli a fixed plate on the left and with one pole of the I'-ctential difference to 
bo measured; a fixed plate on tho right is connected v i'l: i:!-,- pole. The 
motion of the middle plate is communicated to a pointer. A magnetic 
damping device is provided. 

Electrometer with Auxiliary Field. —In the preceding types of 
instrunient, to whicli a large number constructed on similar principles 
might be added, the potential difference which is to be measured ia 
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caused to act between a movable and a fixed part, and tlie inecluini('al 
forces in tbe field so formed are employed. It is possible, liowevaa*, 

to obtain a decided increase of siai.sitHa'- 

t ness by means of an auxiliary ii(Tl. I^'or 
the force on a given charge is pr’opnr- 
tional to the electric intensity; h«Mi(M\ by 
producing a very great intensity \vc ran 
considerably increase the l’orc(‘ on thr 
moving charged part. 

Since, further, the fore(‘ on a niowabh^ 
part in a field of given infimsity inei’(‘as(‘s 
in proportion to its eliarge, W(' can also 
1 t proceed by another method; viz. \v(‘ (am 

I / I insulate the two fixed parts, latwasm 

,1 / jr ^ > which the potential dif- 

I / I ference exists wdiich W(‘ • 

fVw I measure, from ^^13^ 

movable part, and, ^ p 
411 we can communicate to / y \ 

^ ^^ latter from outside' ^ ^ / “] j 

jf. ^ ^j ^pj-an independent charge, j / 

u ^ ^ y ^ taken as great as pos- 

sible. «JCJL 

Fig. 36.-Grimsehl’s electrometer AlmOSt all tllC moCc 

dcc Iron let rr 

recent electrometers art' 

of the auxiliary field class. The following are some of tlin types most, 
commonly used. 

One t}^e of construction goes back to a form clue to IkniNENBKUuuu (tiii. SU). 
The two plane condenser plates, and iSo, are set u]), insuiatod from oik^ 
another, at a distance d apart, in a glass case; they are ccjunccted with th(‘ two 
poles of a source of electricity, and so charged to the poteutial diCfereiiet' V. .U iih 
way betw^een the two condenser plates hangs the conducting It'af B, \\birh ct insist s 
of a piece of aluminium foil, or may foe replaced foy a (piartz iibrx', silvmvd or 
otherwise made conducting. The leaf is suspended by a juetal pin l('t. into tli<^ 
case, insulated from it, and terminating at its upper end in a screw txn'mina! K 
The pressure to be measured is the same as that between the medal pin on t h(‘ 
one hand, and the case on the other. To secure a symmetrical distribution of 
the lines of force, and to exclude the influence of the surroundingH. t lu' second 
pole of the potential difi'erence under examination, viz. the ease', is ('ai'tluMl. 
Care is also taken that the two plates shall have equal and opposite potentials 
with respect to the earth. The deflection of the leaf or fibre wiiich ocauirs wluai 
the pm IS charged is usually read off foy a microscope. Its aruount is moiv or 
less exactly proportional to the pressure. It will foe seen tluit in tins of 
mstrument It is the force of gravity which is used as the counter-forcca 

f u + ^ -"'ngle-strmg electrometer a very fine flexible platinum libix' is 
stretched between two knitc-cdgcs (fig. 40). The fibre is about (> cm. long and 
has a thicknep of about yr. On account of the elastic stress in the fibre, the 
instrument is in large measure insensitive to movements due to shaking or tilt imi*.' 




Fig. 36 .—Grimsehl’s electrometer 


clcctrimiL'ti.r 
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Moreover, the electrical seasitiveness can be regulated very easily by means 
of the tension in the fibre. In accordance with the principles referred to above. 



Fig. 38.— {a) Model of a “ bifilar electrometer” or ” bifilar voltmeter”. 
Range from about 30 to 400 volts. (6) Field of view of a bifilar voltmeter. 


the connexions with the instrument can be arranged in such a way that the 
potential ditfercnce to be measured is that between the two knife-edges, and 
the fibre is given an auxiliary charge; or else an arbitrary auxiliary potential 
dilferenee is applied between the two knife-edges, and the tliread is connected 




Fig. 39.—Bohnenberger’s electrometer Fig. 40.—Principle of the single¬ 

string electrometer 

with one pole of the potential difference to be determined, while the other pole 
and the casing are earthed. In the latter case, care must be taken that the two 
knife-edges are at equal and opposite potentials with respect to the earth. Alter¬ 
natively, -we may connect the thread and one knife-edge with one pole of the 
potential difference to be measured, and the other knife-edge with the second 
pole, so that we can dispense with the auxiliary charge (idiostatic * connexion). 
This gives an arrangement in which the action of the lines of force is similar to 

♦ From Gr., idios^ own, i.e, without auxiliary charge. 
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that in the Grimsehl electrometer, viz. a deflection on the ||[!" 

transverse pressure of the lines of force issuing from tlie \utl. like 

charge, and^on the other hand by the tension of the linos of lorco coinuiu l.oiu 
the knife-edge with unlike charge. 

A very sensitive instrument is the WuLi- hifilar, or t\vo-stmig, olcrl roinot.-r 
In this two quartz fibres carrying like charges, and stretched h.y a. siii.i ■ "e.g it 
or a bent spring, are attracted by two side-pieces charged with tlio opiai.site .-ugii, 
and the attraction is observed microscopically or by projection (hg. .i. )• 

Quadrant Electrometer.*— A flat metal box (fig. 41) of about .j cm. di.ameter 
and height 1 cm. is cut into tour quadrant.^ .s,, 

5 3 , S 4 (S 4 is not shown in the figure). In.side the liox 
a thin plate F (called the “nci'dle”) of alunmimiu, 
or of mica which has been made conduct ing, is .sus¬ 
pended so that it can turn freely abouti a pi'rpcndicii 
lar axis A (a thin aluminium rod). Tlic wliolt' iH'cdio 
system hangs by a very thin iibr(\ -Oi to -OOI nnn. in 
thickness, which is either of nictal, or ot (puuiz whicii 
has been rendered coiidueting by siiv<T'ing (ir by 
covering it with some hygniscfipic suii.stanciL 

A form of the needle (.Dolkzalmk's) which on 
account of its stability cind danpiing is inncii nsfsl 
consists of two sheets of silv^er ])aper, pasti'd IolmU Iht 
at the edges but pressed apart in th(‘ middh'. d'lic 
opposite pair of quadrants H] and S.j an* in coudnef- 
ing connexion with one anotlu'r. as also jin* S, ami 

5 4 . In the position of efpiilihriinn, ih(‘ lU'iMih' is M-t, 
say, as shown in fig. 41, so that om‘ pai't ol it i.s 
situated in the pair of quadrants S,, S.j, and t ho ot her 

part in S 2 , S 4 . If the two pairs of quadrants arc now oppositidy charg(Ml, the 
needle will be drawn into the pair having a charge of tlu' opposib* sign to it s 
ovui. This instrument also can be connected up in the three wiiys incntionc<l in 
a preceding case. 

1. An auxiliary potential difference is applied hetwvH'n tlu^ nci'dlc and om*. 
pair of cpiadrants (the pole connected with that pair of (piadrants iicine tiicn 
usually earthed). The potential difference to be detorniiiK'd is appli<‘d lici\\ci‘fi 
the two pairs of quadrants (quadrants coiinexioD). With, a constant an.\iliar\' 
potential difference the deflection is proportional to tiie potiMitial difference, 
whose value is to be measured. 

2. The two pairs of quadrants are charged to equal and opposite polmiti.als 
from two sources. The needle is comiected up with the potential to bi‘ nHNisnred.. 
the opposite pole being therefore earthed (needle connexion). In this case also 
the deflection is very nearly proportional to the potmitial dilTt'nmci* umh'r 
examination. 

3. The needle and one pair of quadrants are coniu'fttcMl with om' an(»thcr 
(and usually earthed). The potential difference to b(^ nieasuriMj is a{)pli<‘(l to the 
two pairs of quadrants. The deflection is approximab'ly proportional to the 
square of the potential difference applied (double connexion, or idioslati** con¬ 
nexion). 

Fig. 42 shows the construction of a practical instr’iinuuit of this type, in 
use, the whole instrument is enclosed in a tightly fitting bras.s cas<‘ with a. 
window through which to observe the mirror on the needle. 



Fig. 41.—Quadrant electrometer 


Condensing Electrometer.—For the measnrenffiiit of 


very 


sinull 


* Invented by Loed Kelvin in i SflO. 
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potential differences, sensitive electrometers would be necessary; 
but these are not easy to use, on account of the insulation difficulties 
which often occur. We may, however, magnify 
the given potential difference to practically 
any extent by making use of an artifice due 
to Volta (1782). This depends on the fact 
that the potential difference between the plates 
of a plate condenser, viz. U = (p. 33), in¬ 

creases in proportion to the distance s be¬ 
tween the plates. In fact, 
at all distances small com¬ 
pared to the diameter of 
the plates, the density of 
the lines of forces remains 
the same, so that the in¬ 
tensity is also constant. 

The following experiment 
may be made. The two plates 
of the condenser sho^vn in fig. 

12 (p. 12 ) are connected re¬ 
spectively with tlic two poles 
of an electrometer (fig. 4.3). 

The distance between the 
plates may be 5 cm. When 
w’o charge one of the plates, 

(tc'ctrometer shows a. 

(hhinito deHection, correspond¬ 
ing to the potential difference applicff. If W'e then rc'mo\'e the platt'S 
to a greater distance from eacli other, without disturbing the insulation, the 
(h'flectioii of the electrometer increases. If we bring the ]:)lates closer again, the 
d(‘flection falls. 80 long as the distance between the plates is small, tlie |)()t(mtial 
(lihereiK'O is proportional to that distance, as ma.\' be vorihed hy nuauis of a 
calihrated electrometer (p. 45). If, however, the distance bi'tween tlie platt‘S 
Ix'eomcs eomparahle with tlieir diruneter, tlie ])()tential dilferenee incnaises more 
slowJv', since tlie lines of force spread out morc^ and the intensitv conseqiuaitly 
falls.' 



i'ig. 42.—Dolezulck Electrometer [Baird & 
(London), iMd.J 


I'atlo 


If we have a small potential difference to measure, which on dirc'ct 
ti'ial with the electromotor gives no deflection, wo first of all connect 
the systcmi containing the ])otential difference in question to the 
enndensing arrangement, thus charging the latter. We then Imeak 
the connexion with the original system, and move the ])lates farther 
a,part. If the ■})lates are sufficiently large, and the original distance 
])etwccn them is small, we may easily get a magnification up to a 
hundredfold. Eor the piir]30se of making the original distance as 
small as [lossible, one of the plates is given a thin coating of varnish, 
so that the two can be allowed actually to touch one another. The 
plates are often brought directly up to the electrometer, as showm 
in fig. 44. With the help of a source of known potential difference 
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(p. 44)3 this so-called condensing electToniefeT, as also any otlii'r eiectro- 
meter, can be calibrated. 



Fig. 43.—Increase of the potential difference by 
elongation of the lines of force. 



Fig. 44. C'otulcn.sing eli'ctrotuftei' 


7. Production of Constant Potential Differences. Unit of 
Potential Difference 

In view of the methods so far discuss(Hl for ])ro(lu('in<j^ (‘I(‘(‘tnV 
fields, the possibility might occur to ns of setting up <‘i <}(‘linit<‘ fiotnnl ial 
difference, which might be used as a unit, by a strictly proci'ss 

of friction between two strictly defined bodies. Th(‘ idi'a, how(‘ver', 
is scarcely practicable; besides, much better nietliods iin' avail;d>l«‘, 
to the discussion of which we now proceed. 

Voltaic Cells.—If we dip two plates made of two difiVn'iit/ metals, 
or materials conducting like metals (such as carbon, coppm* o.xidie 
lead oxide, lead peroxide), in w^ater or in an aqueous solution of sonu^ 
salt or acid or base, we can establish a potential diben'iici' so- 
called electfwnotive force or E.M.F.) between tin' nu^taJ phit(*s. It is 
very minute, so that to show it a sensitive eh'ctroinettw is neediMl; 
or else Volta’s artifice of increasing the length of tli(‘ lines of for<*(^ 
must be employed (p. 39). The potential difference or is found 

to be independent of the size of the metal plates; on tin' otiu'r hand 
it depends on the material of which they are made. It is possible to 
draw up a list of the metals in order, such that every nn'tal Ix'conu's 
charged positively "with respect to one farther down, tin' list wln*u 
both are immersed in water, but negatively with respect to oiu' vv'liicli 
appears earlier in the list. This so-called electromotive' si'rit's, for 
the most important materials, runs as follows: 

-f Carbon, platinum, silver, copper, iron, tin, lead, zinc, 
aluminium, magnesium, sodium ™ . 

Slight impurities in a metal may alter its position in the cleetromotivc seri<‘.s 
very considerably. Further, the electromotive series is not iiKlef)endent of tiio 
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liquid in which the metals are placed. For these reasons the information obtainable 
from the list is only approximate. 

Two different metals, set up in liquid whicb. is a conductor of 
electricity, form a voltaic (or galvanic) cell (or element or couple). 
Liquids which do not conduct electricity, e.g. petroleum, paraffin oil, 
&c., do not serve the purpose—neither would mercury. The number 
of possible voltaic elements is very large, but only a few of them 
have proved of practical value. 

The following nomenclature is used. The two plates of the cell 
are called electrodes*; the liquid is called the electrolyte f. The tops 
of the electrodes, which project out of the electrol}d;e, are called the 
poles of the cell. When the two electrodes are connected by a con¬ 
ducting wire, we say that the circuit is closed; and when no such con¬ 
nexion is present, that the circuit is open. The potential difference 
or E.M.F. between the poles is different in these two cases (p. 236). 
In the present chapter we shall consider open circuits only. 

Historical Note.— Aloisio Galvani (1737-98), Professor of Anatomy at 
Bologna, observed in 1789 that the freshly prepared leg of a frog, lying near an 
electrical machine, began to twitch when electric sparks were drawn from the 
conductor of the machine. The twitching became more vigorous when Galvani 
touched the nerves with a metallic body. He then touched the nerves with a 
wire, while the frog’s leg lay on a metal plate, and observed that the muscles 
contracted when plate and wire were brought into contact. Galvani attached 
no special importance to the fact that the metals were different. To explain the 
phenomenon he suggested that the nerve and muscles might be regarded as the 
coatings of a Leyden Jar charged by the processes of the animal, and discharged 
hy contact with tlie metals. The electricity produced was therefore considered 
by (hilvani to have its source in these vital processes.^ 

Alkssandro Volta (born at Como in 1745, Professor of Physics in Como 
1774-79, Lecturer in the University of Pavia 1779-1804, Director of the Faculty 
of Philosophy in Padua 1815, died at Como 1827) followed up Galvani s experi¬ 
ments, and established the fact that the application of two different metals is 
essential for their success. He proved that two different metals become oppositely 
electrified when they are put in contact with each other. To prove this, he took 
a zinc plate and a copper plate, both clean, and connected the lower one with 
the knob of a gold-leaf electroscope, and the upper one with the case. When 
he put the two plates in contact, and then removed the upper one, the electroscope 
showed a deflection, indicating a positive charge when the zinc plate was below. 
The deflection indicated a negative charge when the copper plate was put under 
the zinc (Volta's fundamental experiment). He arranged the metals and some 
other materials of similar behaviour in a series 

4 - Zinc, lead, tin, iron, copper, silver, gold, carbon, 
graphite, pyrolusite —. 

The order of the metals in this list is the reverse of that given in the previous 
electromotive series, and it looks at first sight as if Volta had discovered a new 
phenomenon, an electrical excitation of metals relative to each other without 
the assistance of a liquid. In reality it is not so. In fact, in Volta’s experiment, 

* Gr., liodds, path; electrode, path of the electricity, 
f Gr., hjsiSf loosing. J See p. 105 (the law of A. Coehn). 
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unless special precautions have been taken, there is a.lvya\^s a film of moistnre 
on the surfaces of the metals, and it is to the presence of tliis film t liat tlu‘ potent ial 
difference is due. If the film of moisture is removed by thorough dryinu, the 
potential difference becomes distinctly smaller. What is nu'asured in V’olta's 
experiment is essentially the potential difference between tlie watei tilms on 
the two metals. 

Of the many possible combinations, by means of which a, ^irah'a.nic, 
cell can be constructed, we may mention two which arc in ('xtimsivi' 
use at the present day, the so-called Ledanche^^' cdl and t\w h'ad 
accumulator. In earlier times the Dauiell cell *(' filh'd aii important' 
place, for it represented the first fairly serviceable, unit of [xduiitia! 
difference, to which the unit now in ordinary use was kv\)t lumrly 


M 


Cu 


.. . 


Fig. 45.—Daniell cell 




equal when it was adopted. The following data arc inciv^ly (h'script ivi^ 
of the composition of certain cells; the origin of th(‘ is <‘o]i- 

sidered on p. 110; the mode of action of the cells, a,n(l th<‘ nm.sons for 
adopting a particular composition, on p. 279. 

The Daniell Cell. —This (fig. 45) consists of a copper (‘hHdnxh*, \vhi(di dips 
into a solution of copper sulphate in water, and a zinc ehxitrodc, wliicb sl.-mds 
in a solution of zinc sulphate in water. The two solutioris ar(‘ s<‘paralt‘ii from 
each other by a porous partition of unglazed earthenware. Zinc forms 1 }u‘ lagaf iv(\ 
copper the positive pole. 

The Leclanch^ Cell. —This cell (fig. 46) contains: amalgamiata'd zinc, am¬ 
monium chloride (10 to 20 per cent solution in water), mangaiH'sc* dioxide, and 
carbon. Usually the manganese dioxide is mixed Avith grapidtex and pack<‘d 
round the carbon rod in a bag. An extremely popular form of this c<>ll is the 
dry cell (fig. 47), in which the ammonium chloride solution is niix(‘d with water- 
attracting (hygroscopic) salts, and thickened by the addition of meal, sawdust, <V<*. 
The volume may be filled up with pitch or paraffin. An iKdaial (In/ c(‘ll without 
liquid or fused electrolyte does not exist. Usually the beaker-shaiaxl zinc clcctnxh* 
forms the external container. 

The Lead Accumulator.— The positive pole of this cadi is hand pcroxi<h‘ 
(PbOo), and the negative pole lead. The electrolyte is dilute sul{>huri(! acid. 1dns 
is at present probably the most popular cell. (For further dtd-ails, and (‘xplanat ion 
of the name, see p. 288.) 

* G. LECiiAXCHii (1839-82). The cell was known in 18(>8. 
t J. F. Daniell (1790-1845): cell, 1836. 
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All tlie cells described, while showiii,^ quitt' good coiistaiKy of 
potential ditl'erence, are yet dependent hu* too much, on ternjx^rat.lire, 
purity of the materials, and other cirenmstanet^s to W. suita,ble as 
standards. Combinations have therefore Ixam sought niter*, wlu(4i a.re 
readily reproducible, and therefore composed of matin*iaJs e;isy to 
manufacture in pure form, and in particular d(‘p(Mident as littli^ as 
possible on temperature. 

The best form of cell, which has been a.cciqited internationally, 
is the cadmium standard cell (also called the UVs/om rdl). 

It consists of an H-shaped glass vessel (lig. 48), having plaiiniun wirt's st'aled 
into the lower ends of its two limbs. One limb contains im'nuirv, ovvv which 
is laid a paste made by mixing mcrciirons sul[)lnitc (llg. 2 > 80 ,,) with sonic mercury 
and a saturated solution of cadmium sulphat(‘. The lower part ul‘ the other limb 


Paste 









__ t 

‘■-3.. 


ncj 



gjg 


,.Cnislali< of 
Qj'Self, IPO 


Hg + EgfCd^ 

Fig. 4^.—Cadmium standard cell 


itontains ii layer of cadmium amalgam (lii-r) ptT (‘ont (M). rtMuaining parts 

of tli(‘ arc lillc‘d witli crv'sttils of ctulminm siilphat(‘ {.‘h'dSl), j Sll._,()) ;uid 

with s<-itiirat(‘(l solution of cadmium sulphat,<‘. 4'li(‘ limbs an* clostal airligfil. with 
ptiralhn. The mercury is the positive, tlu‘ ctulmium amalgam llu' nt'gjiiivt' pole. 
'Jdtc E.M.F. of this cell is almost indc}H‘.ndcnt of t.(MnjK'r;i(.un‘ (sta^ Itt'low). 

Unit of Potential Difference.—In (‘arliin* tinuss tin' E.M.F. of tli(‘. 
DaniVll ('cll was employed a,s t.h(* unit, a.inl called a, Winn 

r(‘quir*<‘m(‘nts gr*iHV inorc^ exacting, this unit b(M*ani(‘ inadtapial', and 
aiiotlu'r unit was (hdiried intcu'nationa.Ily, th(‘ x'olt.''' This unit is 
dcrivtal fr*om the propruth's of cnr*r*(‘nt (‘h‘etr*i{*ily ([>. ,‘>77), ajid ha,s 
beim so chosen that it is approxirnat(4y (‘(jual tio t{a‘ ol<{ unit, tlu*, 
Dariiell. 

It was internationally agreed (Washington, 1911) that the potential 
difference of the cadmium standard cell at 20 C. shall be taken as 
eaual to 1-0183 volt.*|* 

* In honour of VorvrA (p. 41). 

fThc unit of pokmtial (lilfcrcnco ho d(4incd by m(‘anH (»f 1h<' Hinudanl c(41 is railed 
the international volt (p. 221 ). The value for Iho eadmium .standard cell is tluavfore 
l'()183 int. volt- 
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For varying temperature f C., the potential diliVnmce of tlie 
cell is given by the formula 

_ 1-0183 — 0-0000406 {t — 20) — O-OOOOOOOo {t — 20)-^ 


' d il in q f r i".* I. 


fenniTindL . 


'b B 0 b 0 btHL—> 


in international volts. . ^ ^ , • i 

We have therefore available, in the E.M.l. betweeii the 1;.>rniina s 
of the standard cell, a potential difference which is readily rei>i-oduedile 

and expressible in terms of the volt. • n n 

The E.M.F.s of the elements referred to above a.r('; Daiiadl cell, 
1-09 volt; Leclanch^ cell, 1-5 volt; accumulator, 2-0 volt.s. For- 

laboratory purposes it is sufficient in many cases to nialvc use ol t he 

E.M.F. of a (well charged, p. 289) accumulator as a relbnuice iiotentaal 
diSerence of 2 volts. 

The unit of electric intensity (or 
finnir+ fieM Strength) IS 1 volt/cni. (sO(^ 

p. 31). 

Production of Potential Differ¬ 

ences of any required Value. A 
multiple of the |)()t(‘ntiaJ (liflViniicD 
of a cell can he ohtaiiuMl by con¬ 
necting up, as in fig. 19, any number 
of cells in such a way that th(‘ 
positive pole of each cell is connected (by a conductor) to the ni‘gat iv(‘ 
pole of the next cell.* The cells are then said to be jirra.ng(*d or con¬ 
nected in series. A combination of a iiuiubcr of cells is calhnl a. 
battery. 

The electrostatic potential difference between the open ends of a hotter// 
composed of several cells connected in series is equal to the sum (f the 
E.M.F.s of the individual cells. 


-,(ihhh 

Fig. 49.—Cells connected in series 


This result, which can be easily verified exporiinontally, may i)(‘ diMlut'tMi 
as follows. Let the potential of 1+ relative to 1— be Ui; 1-|- is coniK'ctrd to 
2—, so that the 2— has also the potential Uj relative to 1—. In facts since th(^ 
constant E.M.P. between the terminals of a cell on oj)en cinniit is s(‘t. up s|)()n- 
taneously by the electrical forces in the materials, the potential L, is not. chanyt'd 
at all when 2— is attached. But 2+ has relative to 2— the jH)t.<‘iitial lumct* 
24- has relative to 1— the potential Ui 4- U^; and similarly for any number 
of cells. 

This arrangement of cells, viz. in series, is very common in practrice. In fh(‘ 
ordinary pocket flash-lamp battery there are usually throe (T‘I1 s, whicli in sm-it^s 
yield a potential difference of 4 or 5 volts. In so-called liigh-tcmsion hatt(‘ries, 
dry cells, up to 100 in number, are arranged in series, so that poUuitia l <Ufl\‘r<'nccs 
up to 150 volts are available. Provision is usually made for (.)bt.aining iowtu' 
differences if they are required. When cells are connected in scries, it should 
be borne in mind that the potential difference of any cell relative to i.ho first 
cell is directly proportional to the number of cells between t}u‘se two. It is 

* In electrical diagrams a battery is represented, as in fig. -h), by altciTiation.s of 
thin and thick lines standing respectively for the carbon or positive piatcH (thin lines) 
and the zinc or negative plates (thick lines) of the cells. 
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therefore well to take care, especially when differences of several hundred volts 
are in question, that the individual cells are w^ell insulated. 

Historical Note.—^Volta obtained large differences of potential by piling up 
plates of zinc and copper, separated by pieces of felt moistened with sulphuric 
acid, in the order copper, felt, zinc, then copper again, and so on. This Volta’s 
pile (1800) was the only means, a hundred years ago, of producing strong electric 
currents. A variant of this is Zaniboni's 'pile, which consists of alternate layers 
of gold and silver paper, touching each other on the metallic sides. A pile of 
this sort under good conditions usually gives about 100 volts. 

It is not customary to use voltaic cells for potential differences over 1000 
volts or so at most; and for pressures even so high as this, they are used only 
when special uniformity of pressure is required. For higher pressures there are more 
advantageous methods; e.g. besides the historic frictional machine there is the 
influence machine (p. 60) up to 100,000 volts; and W'e have also transformers, 
depending on the properties of current electricity, with which theoretically any 
pressure can be reached, and potential differences up to two million volts have 
already actually been obtained. Such differences of potential are of the same 
order of magnitude as those which occur in thunder clouds. The potential 
differences which we produced in our first frictional experiments usually amount 
to several thousand volts. 

Qroiiping of Cells in Parallel. —The 
E.M.F. of a cell is a property of matter, 
i.e. it is determined by the electrical 
forces residing in the materials of which 
the cell is composed (§ IS, p. 105). It is 
consequently independent of the size of 
the cell. If then w^e connect the like poles 
in a set of cells all of the same kind, 
i.e. connect the cells in parallel (fig. 50), 
the potential difference of the battery 
so formed is equal to that of a,single cell. 

If the cells are not all alike, but have 
differc^nt E.M.F.s between their terminals on 
an*, connected each cell will strive to set up its own characteristic E.IM.F., and 
('((uilibrium is impossible. To deal with the processes which then take place 
in the cells would take us beyond the limits of electrostatics. A case of the kind 
is considered on p. 233. 

ProducMon of Small Potential Differences. —A theoretically possible method 
of obtaining small potential differences is to communicate part of the charge 
of an insulated body to an uncharged body (as e.g. in tho experunent described 
on p. 8). In practice, however, other methods are employed; these will be dis¬ 
cussed later. 

Calibration of Electrometers. —In order to be able to measure 
any potential difference in volts, all we now need is to have the scales 
of the foregoing instruments graduated in volts. For this purpose 
we connect the terminals of the standard cell with the binding screws 
of the electrometer. The deflection which then occurs corresponds 
to 1*0183 volt. By connecting cells in series we can in theory set up 
any required higher potential difference (p. 44). Usually we employ 
sources of current which are easier to handle, and the E.M.F. of which 
can be referred to that of the standard cell (e.g. lead accumulators 
giving 2 volts per cell, p. 42). 


tr^n i mr mriiTtf i 


I—' 
£ 
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Fig. 50.—Cells connected in parallel 


open circuit, clearly when like x^oles 
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For any instrument we can in tHs way draw up a tabU-, in wlm-b tin- sc'al.v 
values are expressed in volts. Tlie results are usiiall\' r.H«>i'ded -rap nrally, 
abscissae representing scale values, and ordinates the corresponding ^•alnes ni 
volts. If the deflection is proportional to tlio jiotontial dillerence, we olitain 
a straight line. Pig. 51 shows as an example the calibration enn'e ol a .single- 
string electrometer. Pointer instruments are always provided w ith ready-made 
scales graduated in volts. 


Range of Electrometers. —Simple electrometers ^vl^^u)ui' auxilinry 
charge are unsuitable for potential difterene-es inult'r !()(> volts. It is 

possible, ]io\V(‘v<‘r, bv using \’olt;rs 



Scale Divisions 

Fig. 51.—Calibration curve of a single-string 
electrometer. I. Fibre tightly stretched; knife- 
edge E.M.F., 88 volts. II. Fibre loosely 
stretched; knife-edge E.M.F.s, (a) 84, (6) 88, 
(r) 92 volts. 


artifice (p, to (I(‘rnonslrat(‘ 

differences as low as 1 volt, thoni»h 
not to measiir(‘ tliein V(‘ry <‘.\act.|y. 
With ail auxiliary eharuv, elia-tro- 
meters caiii laisily luensiiri^ to 0*1 
volt, and eviui uiidta* suitabli' Gon- 
ditions to 0*01 volt. rnosi; sgii- 

sitive instrument, but at. th(‘ samr 
time the most iiu'onviuiient. our t o 
handle, isth(‘ Cjuadrant {dt'ctronu't (‘r: 
the ordinary forms raiigt' down lo 
1/1000 volt, and V(‘ry small instrm 
meiits may naieli a. lowm* limit, (d' 
10-6 volt. R(‘lial)Ie. im'asiiimmmls o!' 
jDOtential difh'nmri's iimhu'O-l x'oli, 
are only ]){)ssil)l(‘ wJieii sjXM'ial prv- 
cautioiis are takam, as tlir\' aiv 


extremely aj)t to Ix' a (Verted On- 
disturbing influences (see p. 41, contact potentials; p. 201, t lirrmai 
potentials). 

To measure very high potential difference,s. lira,mi's idtaOronadvr 
can be used up to about 10,000 volts. For still higii(U‘ pivssiuvs. sjK>rial 
instruments have been constructed; but tliesi^ do not. diilbr in 
principle from the simple electrometers, and shall, not. mdvr Inuv 
on the details of their construction. 


Measurement of Charge with the Electrometer.— Kow that \v<‘ aiv 
able to measure potential differences, we can a'lso rompaiv rhniyrs 
with one another by means of the forces cxcrttHl. on tlnmi in a .homo 
geneous field, in accordance with the funda,m{mtal (ajuation (|). 0) 


P=QE. 


If we introduce a charge into the homogciuaius held Ixd.ween two 
plane plates the distance between which is small coniparixl, to tludr 
area, the charge being so small that it does not sensiblv disiairb t]i(‘ 
homogeneity of the field (p. 57), then a force P r.- QE acts on t.h(^ 
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charge, where (p. 33) E is equal to U/s, U being the difference of 
potential between the plates, and s their distance apart. If the force 
can be measured, the charge is found from the equation Q = Ps/U. 

If the -various quantities are measured in one of the customary systems of 
units, a factor of proportionality / is also required, the value of which will depend 
on the units adopted; we have then Q = /P^/U. 

The measurement of charges by this method can only be carried 
out conveniently in a few special cases (cf. § 8 following). In general 
charges are measured by other methods, which will be discussed in 
detail later (p. 79). 

8. The Elementary Electrical Charge. The Unit of Charge 

Atomic Structure of Electrical Charge. —In the course of our dis¬ 
cussion of properties of matter (Vol. I, p. 259) the question arose 
wTether the divisibility of matter is unlimited, or whether in the 
nature of the case there are limits beyond which subdivision cannot 
proceed. We were thus led to an explanation of the molecular and 
atomic structure of matter and to the definition of a minimum mass, 
namely that of the hydrogen atom, the unit by repetition of which., 
so far as is known at present, all matter may be regarded as built 

Various electrical phenomena, which will be treated in detail in 
later sections (pp. 158, 319), suggest that electricity also has an atomic 
structure, so that it would not he possible to diminish an electric 
charge indefinitely, there being a certain limit at which the process 
would necessarily come to an end. We go on to consider this funda¬ 
mental property of electric charge. 

Th(3 procedure is essentially the same as that already illustrated 
in the case of matter, i.c. we try to obtain the smallest possible particles 
of an electrically charged body, and in this way we come to a certain 
limit, say the limit of microscopic visibility. As it turns out, we are 
then actually in a position to answer the 
foregoing question. 

• Balanced Drop Method. —The investiga¬ 
tion of the charge on the smallest possible 
particles was first proposed and carried 
out by EhUENHAFT^' (1910). He found Fig. 52.—Measurement oif charge 
that the method indicated at the end of balanced drop method 

§ 7 above was very suitable. The direct 

measurement of the force can be evaded very neatly as follows. 

The charged particle of mass m and charge Q is suspended in a 
homogeneous field (fig. 52), the field strength being so adjusted that 

*[R. A. Millikak, Professor of Physics in the University of Chicago (1910-21), 
states in his book The Electron that the method used by Ehbenhavt had been published 
by De Broglie in Paris a year earlier. Millikan also remarks of this method that it 
only gives a mean charge, whereas his own method (illustrated in fig. 53) determines 
the charge on an individual particle.] 
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the electric force on the particle is directed npwarcls, and is just sufU- 
cient to balance its weight. We thus have th(^ relation auj - QT/.s, 
so that Q = mgsjTJ, or (if the units are varied) Q fingsjV: \\ h<u\^ 
U is the potential difference between the cdiarged ])iat(*\s [>rt)ducitM»‘ 
the field, s the distance between the plates, g the ax-taTuntiou (4‘ 
gravity, and/a conversion factor. Here^is Imown, V can detvnuintMi 
by an electrometer, and the length s can be nieasurcHl bv a. suitabh* 
instrument. The mass m is found from the radius a,nd sp(‘ei(ic uTax'itr 



Fig. 53•■—Millikan’s determination of the eicmentary charge 

kee1,’A“”TO™e?n S Sd n“c " '>• <'■ < 

condenser and tl .no.: V.. n,o charge on the droplet.Tftoni Tfe Xr™: iirrMimi;:;:;.'" 


yi the quantities being measured, we insert tlieir values in il,,. 


Since the particles dealt with are usually vorv sm'ill *40 i h*H >. 
measurements on them even with the heln i ^ ‘ inak(‘ 

determined with the help of StoLs’s Hw^nf^ 

the microscope. By ,eg.,.*icg ^e .C:!:;,:, “Z;! .I™ 
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or fewer cells in series in tie circuit) we can arrive at a point wlien 
tlie droplet is just balanced * We then cut out the field, and observe 
the velocity with which the droplet falls under gravity alone. We 
have then, as explained above, if XJ, $ and the specific gravity of the 
droplet are known, all the data needed to calculate Q. 

Elementary Charge. —Observations of this type made on very 
small particles, and especially the investigations of Millikan, have 
shown that the observed charges are always whole number multiples 
of a definite minimum charge. We have therefore the result: 

Electrical charge occurs only in multiples of an elementary charge. 

If in the fundamental formula given above (p. 9) we express 
the force in dynes and the field strength in volts/cm., the value of 
the elementary charge is found to be 1*59 X dynes ~ (volts/cm.). 
This charge is always denoted by the symbol e. 

We have before us here an entirely new fundamental property of 
electricity, exactly analogous to the atomic structure of matter. We 
shall find (p. 266, and Vol. V) that the atomic structure of matter 
and the discontinuous structure of electric charge are probably only 
different aspects of one and the same fundamental process. The 
elementary charge thus ascertained forms the natural unit of charge, 
and from a physical point of view it would be most logical to express 
all charges as multiples of this charge. Just as matter only occurs 
in masses which are multiples of the hydrogen atom (except for small 
divergences, which are discussed in Vol. V), so electricity only 
occurs in multiples of the elementary charge. The latter statement 
is absolutely exact; up to the present no sign of any exception to it 
has been foimd.f The existence of an elementary charge of the mag¬ 
nitude stated above has been established not only by the method 
already described, but also by many other methods, which will be 
referred to as they naturally come up later in this book. 

The negative elementary charge has been given the name of electron, 
for reasons which will be explained later (p. 322). 

Elementary Lines of Force. —^The electrical excitation in the ether has its end¬ 
points at the charges. These are the places where the electrical state of the ether 
originates. 

The most natural course to follow, and one which would be consistent with 
all known facts, would be (as suggested by Lexaed) to associate every elementary 
charge with om lino of force. From this point of view the line of force is regarded 

^ In consequence of the Brownian movement, very small particles are continually 
moving to and fro, so that the state of exact balance cannot be determined at once. 
What is done is to make the E.M.F. a little higher or lower than is necessary, so as to 
include tho correct value between limits. 

f Eheenhaet thought ho'had found small particles (suheleotrons) carrying charges 
smaller than tho elementary charge e. His results appear, however, to bo incorrect, 
and to be explainable by the difficulty of determining the radius and specific gravity 
of these small particles satisfactorily. We cannot here go into the very interesting 
details. (See B. A. Milwxax, The Electron.) 

(»ei7) 
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as a real entity or process in the ether, which begins and ends at the two charges. 
The ends of the line of force have special properties. The negative end is capable 
of independent existence as an ^eclTOTii without being necessarily attached to 
a material body; and is therefore observable as ^pure electrical siibstance. The 
positive end, on the contrary, is of material character; or at least it is always 
associated with the mass corresponding to a hydrogen atom, ^liat the nature 
of the combination is—^whether the hydrogen atom or other similar part of 
an atom is merely bound to the positive charge, or whether the mass of tlio 
hydrogen atom represents, purely and simply, the end of the line of force liselj-—' 
these are q[uestions which have not yet been answered. The apparently continuous 
structure of 'the field is therefore built up statistically by the tension and trans¬ 
verse pressure of the lines of force corresponding to the elementary charges 
which are always present in enormous numbers, and through which the cliarges 
which occur in ordinary experience develop their action. Hence, when wo dclino 
the state of the field at a given place by the number of lines of force there, we 
are not merely using a convenient rule; from the present point of view something 
physically real actually exists at the place, this something being composed of 
separate parts equal in number to the lines of force (if the elementary charge is 
taken as the unit of charge). This view, according to which a real existtuice 
is ascribed, exactly as was done by Faraday, to the individual lines of force— 
in the sense that they exist in a certain measure as separate entities—has not 
yet, it is true, been established on an experimental basis, the difficulty being 
that a single line of force cannot be followed as an individual; the tendency of 
the most recent experiments, however, is to make the view increasingly plausible. 
Moreover, there are no known experimental facts with which it is inconsistent, 
it lends itself well to the formation of a mental picture, and in the most natural 
way transfers the undoubted discontinuity of the electric charges to the field 
which these charges generate. 

Hydrodynamical Analogy. —^It may also be mentioned in this connexion 
that the behaviour of the lines of force is in many respects (cf. p. 164) similar 
to that of vortex filaments (VoL I, p. 381), This idea, brought forward by 
Leitaed and, for the negative electron, by Stabk, afterwards received re¬ 
markable support from the theory of the spimiing electron (VoL V). 

Practical Unit of Charge. —^WLen a unit is being defined, two 
considerations must be attended to, if a useful result is to be obtained. 
The unit must be easy to produce, and it must be possible to reproduce 
it exactly at any time. ISTow altbougb the elementary cliarge lias 
always precisely tbe same value, yet its exact measurement is one 
of tie most difficult problems in physics. It is therefore unsuitable 
as the foundation of a practical system of measurement. Wlien we 
were deling the unit of mass, we did not start from tlic hydrogen 
atom; in the same way, the practical measurement of charge Iuib 
been based on a fairly large unit, chosen, like the unit of mass, on 
historical grounds. The unit of charge was originally defined in such 
a way that the number giving the force (or work) in an electric field 
(p. 81) was to be a multiple, by a power of 10, of the number expressing 
the force (or work) in the C.Gr.S. system. The unit of charge, called 
me coulomb,* was so chosen that in the eq^uation for the work, 
W=/QU (p. 29), the factor of proportionality/has the value/= 10^, 

* In honour of Cottlomb (p. 16, and VoL I, p. 222). 
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when. W is measured in ergs, U in volts, and Q in coulomlbs. This imit, 
however, is very difficult to reproduce. For practical purposes, there¬ 
fore, the coulomb has been defined in terms of that quantity of silver 
which carries a charge of 1 coulomb, if every silver atom carries the 
elementary charge. This quantity is 1*118 mgm. Ag/coulomb, and 
can be very easily determined by weighing.* Since 1*118 mgm. of 
silver contains 6-28 x 10^^ atoms (viz. 6*06 X lO^s x 0*001118/107*88), 
it follows that the coulomb contains 6*28 X 10^^ times the elementary 
charge. 

Hence the elementary charge is e = 1*59 X 10“^® coulomb. 

1 coulomb is therefore equivalent to 

JO? __ J 0.2 kilQgJ^Q'^s weight 

volt/cm. volt/cm. 

A charge of 10“'^ coulomb is therefore that charge the force on which 
in a field of 1 volt/cm. is 1 dyne. 

The method of producing a charge exactly equal to 1 coulomb, 
or to some fractional part thereof, will not be discussed till later. 
For the relative measurements in the following sections we use the 
following method of preparing a definite charge. We charge a large, 
well insulated metal sphere of 20 cm. diameter to 1000 volts relative 
to the earth, and touch it with a small proof ball of 2 cm. diameter, 
provided with a long insulating handle. The charge on the proof 
ball charged in this way is almost exactly lO""^ coulomb. We may use 
this charge in the meantime as our comparison charge. 

9. The Distribution of the Charge on Conductors 

Since the field strength inside a conductor is zero, it follows that 
the field cannot penetrate into a hollow space enclosed by metal 
(Faraday’s cage experiment, p. 27). Any lines of force coming from 
the outside must therefore terminate on the outer surface of the 
conductor. There must therefore be charges there, for a line of force 
can only end at a charge—charge, and end of a line of force, being 
practically equivalent expressions. We shall now examine this 
phenomenon more closely. 

Faraday’s Ice-pail Experiment.—^For this purpose we employ the 
opposite arrangement from that used in the cage experiment, and 
consider the field which proceeds from a charge situated in the interior 
of a closed conductor. 

We charge a small proof ball fixed on a long insulating handle, 
and determine the potential or the field strength at any point in the 

* TMs definition of tlie coulomb is not perfectly exact; tb© factor / differs from 
10^ very slightly, just as the metre is not exactly the lO’tb. part of a qua<kant of the 
earth’s meridian. Hence, as in the case of the metre, an international xmit has been 
defined, viz. 1 coulomb *= charge carried by 1.118 mgm. of silver (p. 153). 
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neigliboTirliood (fig. 64), say by means of an electric pendulum, or 
more exactly by one of the methods cited in § 6 (p. 33). 

We now surround the proof ball by a 
-Fto nearly closed insxilated metallic vessel, 
- t^aVirtg care that the ball and vessel do 
not come into contact. The potential, 
or the field strength, at the same exter¬ 
nal point as before, remains unchanged. 
Hence the total field-exciting influence 
proceeding from the surface of the en¬ 
veloping vessel is the same as that from 
_ I the ball inside. 

If we take the ball out, preventing 
vets'it from touching the vessel, and remow 
body inside the vessel. it to a distance, the penduliuiL goes back 

to zero; an electrometer connected to 
the vessel also shows no deflection. If we reintroduce the ball into 
the vessel, the original state of things is restored (fig. 55). 

We now bring the proof ball into contact with the inside of the 
vessel. At the moment of contact neither the pendulum nor even a 
sensitive electrometer shows any change. 

If we then remove the ball from inside, we find that the deflection 
of the pendulum or electrometer this time remains unchanged; the 
vessel is therefore charged. The ball, however, which we have taken 
out is found to be uncharged (fig. 55). 
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Fig. 55*—Faraday*s ice-pail experiment 


The diagrams of lines of force in the various cases are shown in 
fig. 56. Fig. 56a shows the field of the proof ball; the field strengili 
at any point is indicated by the density of the lines of force, to which 
it is proportional. When we enclose the test charge within the hollow 
vessel (which strictly should he a sphere), the external field is found 
to remain unchanged (fig. 566). In this case, we may easily satisfy 
ourselves by trial that the exact position of the proof ball within 
the conductor is of no consequence so far as the external action is 
concerned (fig. 56c). We know, however, that no lines of force exist 
in the interior of the metal; it follows that they must come to an 
end on its inner surface, and begin again in equal numbers on the 
outer s'uxface. This theoretical result is verified experimentally when 
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tlie Mlow vessel is touched by the proof ball (figs. 56, d, e,f). The 
eq^ual and opposite charges inside the vessel unite with each other and 



d e f 

Fig. 56.—Diagrams showing the lines offeree in fig. 55 


therefore disappear. The lines of force in the space outside are not 
affected (p. 52). 

This may be shown even more convincingly by the following 
experiment (fig. 57). We touch the vessel with the finger, so as to 
discharge it, and we then allow it to remain insulated. We now lower 
the charged ball into the conductor. While the ball is inside (but not 



Fig. 57.—Charging by earthing while under the influence of another charged body 


in contact with) the vessel, we connect the latter to earth by a touch 
with the finger. We then insulate the conductor again, and with¬ 
draw the ball. The vessel is now charged with a charge which is equal 
and opposite to that on the sphere. This may be shown by re¬ 
introducing the ball into'the vessel and bringing the two into contact; 
both are found to be completely discharged. The way in which the 
lines of force run in the different cases will be gathered at once from 
fig. 68. We have-'therefore the result: 

The total charge of a system of bodies remains unchanged^ even if 
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charges jpass from one body of the system to another^ fmvided that no 
charges enter the system from outside, or are conducted away from it. 



THs last condition is broken in the preceding experiment when 
the vessel is touched by the finger. 

_ Measurement of Charges hy the Electrometer.—The properties 
just described may be used for the purpose of transferring the <iMe 
■ *] charge of a body to an electrometer, and 

thus deducing the value of the charge in 
a satisfactory way from the magnitude of 
the deflection (p. 79 ). In fact, if the 
charged body is merely made to touch an 
electrode of the electrometer, then both 
the body and the electroscope are still 
charged after their separation. The quan¬ 
tity of electricity which has been com- 
mumcated to the electrometer depends on 
the relative sizes of the body and the 
mstrument, and on the nature of the 

transfer the whole charge, a metal vessel or “ cup ” is 

eWe bSS to 





Fig. 59.—Cup electrometer 
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shows a deflection corresponding to this whole charge. Figs. 60, a 
to di show how the lines of force ran; the details will become quite 
clear after the explanations of § 10 (p. 56). 



Fig. 6o.—Measurement of charge with the cup electrometer 


Note .—^We may obviously deal with tbe charge of the electrometer in another 
way, viz. keep the body in the cup, connect for a moment the two poles of the 
electrometer, whose second pole (the case) is earthed; and, after breaking the 
coimexion, lift the body out of the cup so that it does not touch the sides. The 
electrometer then shows a deflection of the same absolute amount as in the case 
of direct contact (fig. 58), but in the opposite direction. 

Distribution, of the Charge— The knowledge we have acquired 
will now be used for the purpose of investigating the distribution of 
the charge on the surface of a conductor. We touch 
the conductor, at the spot we wish to examine for | 
charge, with a metallic plate {proof jAane) the dimen- 
sions of which are small compared with those of the 
conductor (fig. 61). The lines of force which originally 
ended at this part of the surface of the conductor 
now end on the proof plane—assuming that the field 
remains the same as before, a condition which may 
he ensured by the use of a long insulating handle. 

Since the ends of the lines of force carry the charges, 6i.—Measure- 

the proof plane will also take over the charge cor- 
responding to the part of the surface in question, ^ conductor by means 
and this charge will be the greater, the more lines of a proof plane, 
of force ended on this portion of the surface.^ 

Hence this method enables us to determine the charge situated 
■on a definite area of the surface of the conductor. 

The amount of the charge per unit area is called the density of 
■charge, or surface density, and is denoted by o. 

Surface density has the dimensions coulomh/cm.®. 

On the surface of a sph&ricol coniuctor, situated at a great distance 
from any other body, the distribution of the electric charge is perfectly 
nnifnrni. If in fact the sphere is touched with the proof plane, and 
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tLe cLarge on the latter is examined by the electrometer, the deflection 
obtained is independent of the particular point where the sphere was 
touched. The surface density on an insulated sphere which is remote 
from other bodies is therefore the same at all points. The result also 
follows immediately from the diagram of lines of force 8, p. 10). 
For conducting surfaces which are not spherical, the distribution of 
charge depends on the form of the surface. An insulated metal box, 
of cubical shape, e.g. a biscuit-box, is more highly charged at the 
edges, and particularly at the corners, than at the middle of the faces. 
This also can be demonstrated with the help of the proof plane. 

The diagrams of lines of force will show features corresponding 
to these facts. In particular, at points on the surface where the radius 
of curvature is small, the density of the lines, and therefore the charge 
density also, may become very great, as has already been explained 
(p. 24) for the case of points. The intense concentration of charge 
at the point is easily verified by the above method with the help of 
a very small proof sphere (see further p. 76). 

10. Electrostatic Induction 

Behaviour of Uncharged Conductors in a Static Electric Field.- - 
We have already (p. 18) encountered the phenomenon of induciion, 

i.e. the occurrence of electrical 
charges on conductors, origi¬ 
nally uncharged, when these 
were introduced into an electric 
field. We shall now use the 
additional knowledge which we 
have since gained, to make a 
more exact study of this phe¬ 
nomenon. We take a charged 
body, say a plate condenser, and into its field we introduce a metal 
ball (fig. 62). The original distribution of lines of force will clearly 
no longer represent statical conditions, for the lines must end normally 
on a conductor (p. 27). Hence a motion of electricity will take place 
on the sphere, in such a dicection that the lines of force meeting its 
surface become shorter, as we may see at once by considering tan¬ 
gential components. Indeed, it is only to be expected that the lines 
of force should draw nearer each other on account of the disappearance 
of the transverse pressure of the parts of the lines of force within 
the sphere. We therefore obtain the distribution of fig. 63. 

Fig. 64 shows the electrification of a spherical conductor, produced 
by induction when a charged rod is brought near the sphere. 

These experiments bring to light an entirely new property, viz.: 

Oondicctors contain charges which can move freely, and which^ in 
the normal state, i,e. when the conductor is not electrified, must he so 



Figs. 62 and 63.—Conducting sphere in a 
homogeneous field 
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thofoughly inteffwixed that they fToduce no external effect or^ in other 
words, they neutralize each other. 

They can be pulled apart frora each other, however, by the tension 
of the lines of force of an applied electric field. The introduction of 
a conductor into the electric field has the effect of cutting some of the 
lines of force in two. The new ends of lines of force which thus arise 
are occupied by the charges and, as a further consequence, the lines 
of force are displaced from their original positions (see above). 



Fig. 64.—Induced charges upon a neutral sphere 
under the influence of a charged rod 



Fig. 65.—^Attraction of 
an uncharged conductor 
as a result of induction. 


A similar phenomenon occurs when a charged body is brought 
near an electroscope (fig. 34, p. 35). Lines of force impinge on the 
leaves, and pull them apart, ^^en the body is removed to a distance, 
the lines of force disappear, and the leaves fall back. 

Note .—^Thus the introduction of a conductor changes the form of the field. 
If the dimensions of the conductor are small compared to those of the field as 
a whole, the change is small in proportion. It is for this reason that a body used 
for testing purposes, such as a proof plane, should be as small as possible. The 
testing body used to measure the field strength must be so small that the effect 
produced on it by induction is practically nil, so that, if it is uncharged, the force 
acting upon it in the electric field is negligible (see below). Conversely, its charge 
must be small, in order that the inductive effect of its own field may not alter 
the distribution of charge on the body which is exciting the field under ex¬ 
amination. 

Attraction of an uncharged Conductor by a charged Body.—^We 

can now understand also why a conductor which is not itself electrified 
is attracted by a charged body. When a charged rod (fig. 65) is brought 
near an uncharged conducting proof sphere, the two kinds of electricity 
in the latter become separated, and move into new positions. The 
lines of force proceeding from the little sphere to the charged rod 
are more concentrated in one direction than those from the sphere 
to the other surroundings, since the rod is nearer; consequently the 
sphere is attracted. If the charged and uncharged bodies are brought 
very close together, the density of the lines between the two becomes 
so great that the insulating power of the air breaks down (p. 24) and 
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a cEarge passes across, usually to the accompaniment of a sparL. 
If tEe cEarged rod is tEen taken away, tEe proof body is left mtE an 
excess of tEe electricity of tEe same sign as tEat on tEe rod. We Eave 
cEarged tEe spEere by contact UncEarged insulators are also 
attracted, but tEe explanation of tEis must be postponed (see p. 94). 

Charging hy Induction.—^We can now also understand more exactly 
tEe pEenomenon of cEarging by induction, described on p. 56. TEe 
conductor shown in figs. 63 and 64 clearly carries equal amounts of 
positive and negative electricity, since just as many lines of force 
leave it as come to it from the inducing charge. TEe two kinds of 
electricity, however, are pulled in opposite directions by the lines 
of force, and thus become separated. If the strength of the external 
field diminishes, the opposite charges move nearer and partially 



neutralise each other again; when the external field disappears 
altogether, the neutralization becomes complete, and the conductor 
is left without charge as at first. TEe sequence of changes in the field 
which occur when a conductor is divided into two parts can now be 
explained. While the external field is still present, we separate the 
two portions of the conductor in the way shown in fig. 66. 

TEe general disposition of the field after this has been done is 
shown in fig, 66&; by comparing with fig. 66a, we see that the separation 
has made very little difference. We now remove the external field, 
say by earthing the conductor carrying the inducing charge. TEe 
induced charges on the two portions of the conductor can no longer 
combine, since they are now separated by an insulator, viz. air. We 
therefore obtain fig. 66c, i.e. we have two bodies carrying equal and 
opposite charges: if in fact we bring the two bodies into contact with 
each other, and then separate them, we find that the electrification 
has disappeared completely from both. 

The experiment may also be carried out in a modified form as 
follows (fig. 67). The conductor on which the charge is induced is 
connected to its surroundings, i.e. earthed The lines of force 
which end on the surroundings will then be annulled, and with them 
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the corresponding charges; for example, the negative charges will 
disappear from the conductor. The positive charges, being now freed 
from the attraction of the negative charges, will be displaced still 



Fig. 67.—Earthing of a conductor in an electric field 

nearer the inducing body (fig. 67b; see p. 60, where the effect is 
3neasured with the balance). "We can now remove the earth connexion 
without essentially altering the character of the field. If finally the 
inducing field is withdrawn, the conductor is left with a positive charge. 
This result corresponds to the experiment illustrated on p. 53. 

Electrophorus.*—The above method can. he used to “generate” elec¬ 
tricity in any quantity by means of the contrivance called the electrophorus 
(fig. 68). This consists of a circular disc of vulcanite H (or of glass, or of a mixture 
of rosin, wax, and shellac) which lies on a metal 
plate T, or is coated on the under side with tinfoil. 

On the vulcanite disc lies a flat cover D of metal, 
provided with an insulating handle. 

The cover heing lifted, the vulcanite disc lying 
on the plate is electrified negatively by rubbing 
or beating with a woollen cloth or a skin. If the 
cover D is now laid on the vulcanite disc, the 
charge on the disc acts inductively on the cover, 
since the cover lies in the electric field of the 
vulcanite disc. Consequently the lower side of the 68.— Electrophorus 

cover becomes positively charged, and the upper side 

negatively. If the cover is then touched by the finger, the free negative charge 
on its upper side flows ofi to earth. The cover is now lifted by the insulating 
handle; it carries a positive charge, with which we can make such experiments 
as we wish. If an earthed conductor is brought up close to the cover B, the 
latter is usually discharged by a spark a little before contact. The process can 
be repeated as often as we please, so that in this way any quantity of electricity 
can be “ generated ”. During the whole process the electrical condition of the 
electrified vulcanite disc remains unchanged; dor only the inductive action of 
this charge is used for the separation of the charges. 

With regard to the peculiar phenomenon that no process of neutrahzation 
takes place between the negatively electrified vulcanite disc and the positive 
induced charge on the cover, even though the two bodies stand for days in 
contact with each other, see p. 105 (electrical double layer). 



* Gr., ^MroSf carrier. 
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Tke source of the energy of the eleotrioal charge on the cover is mechanical 
work, as may be proved by the foUowing simple experiment (fig. 69). The cover 
of an electrophorus is liung from on© side of the beam of a balance and insulated. 
The electrified vulcanite disc lying on the conducting plate is then placed in 
contact with the under side of the cover. The other scale of the balance is now 
loaded until a further load of say 1 gm. wt. would suffice to lift the cover. If the 
cover of the electrophorus is then touched in the usual way, it is found that a 
distinctly greater weight is rec^uired to raise the cover. The extra work thus 
done is the equivalent of the potential energy of the charge which is left on the 
cover after it has been lifted. 



“ generation of electricity by 

means of the electrophorus. Fig. 70,—Holtz electrical machine 


Influence Machines. —^In the influence naachine, which is a de¬ 
velopment of the electrophorus, the inductive action of an initial 
charge is used to generate ” fresh charges of electricity. Influence 
machines have been devised by Yabley, Holtz, Topler, and 
WiMSHTJRST, and have reached a high degree of perfection. 


The Holtz Machine, with Topler’s Self-excitation.—This consists (fig. 70) 
of a fixed circular glass disc, to which are attached two strips (or coatings) of 
paper in the form of quadrants of a circular ring, with the edges rounded ofif. 
Strips of tinfoil are held underneath the paper. Close in front of the fixed disc 
there is a second circular glass disc which can rotate about an axle; the axle 
passes through a large central opening in the fixed disc. To the movable disc 
several (usually six) small circular pieces of tinfoil (“sectors”) are attached, 
carrying projecting metal buttons. To the fixed disc, at the two places whore 
the strips of paper are first reached when the rotating disc is turned, two bent 
pieces of metal are fastened. These curve round the other disc, and end close 
up to it in fine metal brushes (lametta J&bres). When the disc in front rotates, 
the metal brushes come into contact with the projecting metal buttons of the 
smaU tinfoil “ carriers In front of the rotating disc, exactly at the level of the 
paper strips, there are two coUecting combs, which are connected 
with the inner coatings of two smaU Leyden jars,* and with discharging knobs 
the distance between which can be varied by means of insulating handles. A 


* These are glass jars, coated with conducting material outside and inside, used 
for storing up large quantities of electricity. They are not essential to the action of 
fore^s^ner^lVt?'^^'^ description with an explanation of their action is there- 
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transverse conducting arm is also provided, carrying at its ends collecting combs 
and small metal brushes. This arm is so placed that it stands opposite those 
ends of the paper strips on the fixed disc -which the rotating disc reaches last. 
The conducting arm is fastened to the axle of the machine, and is in electrical 
connexion -with it, and therefore with the earth also. 

The principle on which the machine works can be seen clearly from fig. 71. 
The two discs are shown as glass cylinders, to preyent any of the parts from being 
concealed. ^ Bi and Bg are the paper strips on the fixed disc (shown here as the 
outside cylinder). A^, Ag, ... , Ag are the small tinfoil strips on the rotating 
disc (the inside cylinder). and Pg the brushes at the ends of the curved 
metal pieces; and Eg are the brushes, connected to earth, at the ends of the 
transverse conductor. and Kg represent the collecting combs -with their dis¬ 
charging knobs. 

Let Bi have a small negative charge; this may either be given it from outside 
or be produced by the friction with the brush Pj. Then an inductive effect occurs 
in Aj, so that this sector becomes positively 
charged, while A 4 , being connected with A^ 
by the transverse conductor E, receives a 
negative charge. We now suppose the inner 
disc to be rotating, and foUow the sector 
Ai- Carrying its positive charge, it reaches 
Ag when, by means of the brush Pg, part of 
its charge passes to Bg, which accordingly 
becomes positively charged. The sector comes 
next to Ag. By the action of the positive 
charge on Bg, the side of the sector next Bg 
becomes negatively charged, and the side 
next Kg positively. The inductive action 
between the points and the sector develops 
an intense field, and the air becomes con¬ 
ducting (p. 24), so that the positive charge 
passes (at least in part) from the sector at Ag to the comb Kg. In the position A 4 the 
portion of the positive charge which is stiU left on the sector becomes neutralized 
by the negative charge repelled from that sector which is then at A^; the latter 
sector thus has its charge increased. At Ag the sector, now strongly charged nega¬ 
tively, comes in contact with the metal brush P^, through which it transfers a part 
of its negative charge to Bj. Einally, at Ag a part of the negative charge is trans¬ 
ferred to Ki, on-the principle already exemplified at Ag. The potential difference 
between.the coating B^ and the sector becomes decidedly greater when the sector 
passes from A^ to Ag, on account of the lengthening of the ^es of force; it follows 
that Bg becomes charged as the sectors continually advance to a high potential 
relative to Bj. At the same time the quantity of electricity affected by induction 
at A 4 increases, and with it the potential difference between A 4 and Bg. Prom 
the lengthening of the lines of force, the sector has at A 5 a stiU higher potential 
relative to Bg, and also becomes presently charged to this higher potential. The 
rising potential of B^ relative to the sectors is further raised by the lengthening of 
the lines of force from A^ to Ag. Hence the potential difference between Bi and 
Bg goes on continually increasing, and would do so indefinitely but for the break¬ 
down of. the insulation of the materials and the air. A large fraction of the poten¬ 
tial difference between A and B exists also between K^ and Kg, from which it can 
be drawn for use wherever it may be required. 

It will be seen that’'the potential difference is essentially due to the stretching 
of the lines of force between Aj and Ag, and between A 4 and Ag. To raise the 
potential, in this way the expenditure of work is necessary. This work is supplied 
by the power turning the machine. It is readily observed that it is more difficult 



Fig. 71.—Diagram of the Holtz 
electrical machine 
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to turn the machine hv hand when it is supplying electricity than when it is 

running without load, as e.g. when the two coatings Bj and Bj are eartiied. _ 
® ^ ^ , -wriTYicTitTrsf. Mflfinme* — Thm 



machine* is extremely reliable in its 
action and convenient to work, and 
on this account is very widely used. 

It consists (fig. 72) essentially of 
two rotating discs of glass or vulcanite, 



Fig. ^ 2 , and 73.—Wimshurst electrical machine 


facing one another and having a large number (18 in the figure) of small sectors 
of tinfoil attached as coatings to their outer sides. Two collecting combs are 
bent round so as to face the discs at the level of the axle; these are usually con¬ 
nected with small Leyden jars, and are attached to two discharging knobs. 
Two transverse conductors are also provided; these end in metal brushes, and 
are in conducting connexion with the frame of the machine and therefore with 

the earth. Their position is sufficiently 
illustrated by fig. 72. The disc in front 
turns in the clockwise direction, the 
one behind in the opposite direction. 

Fig. 73 shows the same machine dia- 
grammatically in plan; this brings out 
the position of the collecting combs, the 
coatings and the metal brushes. For 
clearness of exposition of the actioir of 
the machine, fig. 74 is drawn, as in the 
previous case, with the coated discs 
represented as cylinders. The disc cor¬ 
responding to the inner cylinder carries 
the tinfoil coatings A^, Ao, ..., Ax 2 ? a»nd 
turns in the anti-clockwise direction; the 
other disc with the coatings , 

Bi 2 turns in the clockwise direction. The 
Fig. 74,—-Diagram of the Wimshurst metal brushes of the earthed transverse 

electrical machine conductors are Ei, E 2 , and Fj, Fg. Si 

and S 2 are the collecting combs, which 
are connected to the discharging knobs and Kg; the Leyden jars are not shown. 
Let Bi acquire a smaE positive charge by friction with the brush F^. By the 
rotation B^ comes to the position B 2 , then to B 3 . Here the sector A^ is opposite 
to it, and by induction acquires a negative charge, while the corresponding 
positive charge passes to A 7 through the transverse conductor. Wo follow A^ 
on its way to A-g and A 3 . At A 3 the charge of the sector A 3 induces a positive 
charge in which is exactly opposite it, while the corresponding negative charge 

* WiMSHiTRST first published a description of his machine in 1883. 
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passes to B^. The positive charge induced in the sector at B^ comes to B 3 . A 
negative charge is then again induced in Ap But now Bg and B 4 are also already 
positively charged, so that a portion of their lines of force end on Ai- The charge 
induced in A^ is therefore greater than the one previously induced in the similar 
position. Consequently the positive charge which A 3 afterwards induces in B^ 
is also greater, and this in turn leads to a further increase at BgA^, 

It is easily seen that these processes are reinforced still further by the exactly 
analogous phenomena occurring in the lower half of the machine, so that the 
charge, and therefore also the potential difference, as increased by the stretching 
of the lines of force, mounts higher and higher, until a limit is set to it by the 
imperfect insulation of the disc and the air between the coatings or the knobs 
L-i? L. 2 * The supply of electricity from the machine is taken off through the 
collecting combs in the manner described on p. 24. 



Figs. 7S and 76.—Wommelsdorf multi-disc electrical machine 


Improved Types of Wimshurst Machine.—^Within recent years a further 
development has taken place in the construction of inffuence machines. The 
discs are made of vulcanite and the metal sectors are incorporated in the body 
of the discs- The electricity generated is either (as in Wehesek’s machine) drawn 
off by brushes from small metal knobs which are connected with the sectors 
and project from the vulcanite disc; or (as in H. Wommelsdoee’s machines) it 
is conducted away by steel wires d (fig. 75) which make contact with the disc 
at a groove in its outer edge. In the multi-disc machine (fig. 76) of the latter 
type, a number of fixed and rotating discs, a and h (fig. 75), fit into each other 
alternately at small distances, as in a condenser, thus increasing the inductive 
effect. 

Application of Induction to the Measurement of Field Strength.— 

Field strength, being the rate of fall of potential per cm. in the 
direction of the electric force (p. 31), can be measured with the help 
of an electrometer. For this purpose conductors are placed at two 
different points of the field, and coimected to the electrometer. The 
conductors assume the potentials corresponding to their positions 
in the field, and hence the measured potential difference, divided by 
the projection of the distance between the two points upon the direction 
of the field, gives the mean field strength in this region. 

The conductors which are thus placed in the field so as to assume 
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the potentials corresponding to tlieir positions are known as test- 
bodies or collectors. In order to understand tlie principle of their 
action, we will consider the following arrangement. 

As test-body we use a metal vessel filled with a liquid. If it is 
chosen sufficiently small, it assumes, when introduced into an electric 
field, the potential corresponding to its position. This potential may 
he reckoned relative to any reference body, e.g. relative to the left 

electrode in fig. 77, where the field is 
represented as homogeneous. On con¬ 
necting the test-body with an electro¬ 
meter (as in fig. 78), we obtain a throw 
which is smaller than would correspond 
to the potential at the position of the 
test-body, because the field is disturbed 
by the electrometer. A large fraction 
of the lines of force starting from the 
electrode connected with the electro¬ 
meter will be shortened, and the poten¬ 
tial of the test-body relative to the 
other electrode has increased corre¬ 
spondingly. 

We now allow the liquid to flow out 
in drops through an opening in the 
bottom of the vessel. As each drop is 
formed, it is under conditions similar 
to those of the vessel; thus in the 
example shown in the figure more lines 
of force from the negative electrode 
end upon the drop than lines of force 
from the positive electrode. These 
conditions remain unchanged as the 
Figs, 77 , 78 , 79 .'“Drop collector dxop separates from the container; it 

therefore falls with an excess of lines 
of force from the negative electrode ending upon it, i.e. it falls 
positively charged. This positive charge is derived, however, from 
the system vessel-electrometer. Hence the number of lines of force 
from the^ negative electrode ending upon this system must have 
been dim ini shed by an amount corresponding to the positive charge 
carried away by the drop. This process is repeated with the fall of 
each successive drop, until eventually all the excess induced charge 
has been removed and the conditions at the point of separation 
of the drops have become perfectly symmetrical, i.e. until the 
numbers of lines of force reaching this point from the positive 
j electrodes have become equal, as in the undisturbed 

neld. When this is so, the potential shown by the electrometer is 
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that of tte point of separation of the drops, when the field is 
undisturbed; for this point is in conducting connexion with the 
electrometer (fig. 79). This arrangement is known as 
the drop collector.^ 

Other methods are also frequently used to remove 
the excess charge. We may mention, for example, 
flames (fig. 80), whose glowing soot particles and pro¬ 
ducts of combustion carry away the charge, and also 
radioactive substances, which render the air conduct¬ 
ing in the neighbourhood of the test-body. 

The difference of potential between two points 
1 cm. apart in the dicection of the field gives the 
mean field strength in this region. Instead of measur¬ 
ing this directly, the difference of potential may be 
measured between two test-bodies, and the result 
divided by the projection of their distance apart in 
the direction of the field. 

This method of measuring intensity is often em¬ 
ployed in investigations of atmospheric electricity 
(Vol. V). 



Fig. So. — Test- 
body with flame for 

Concerning intensity measurements of this type eiec- 


see p. 333. 


tricity. 


11. The Electrical Displacement as a Measure of the Field 

Measurement of Electrical Displacements.—^We have already seen 
(p. 19) that it is possible to describe the electric field by means of the 
disj)lacement. We will now go on 
to develop the previous results in 
a quantitative way. 

We have to determine quan¬ 
titatively how many lines of force 
(or unit tubes of force) pass 
through unit area at the point 
under consideration. As we have 
seen, this can he done most easily 
by cutting the lines of force and 
observing how many ends, i.e. 
how many units of charge, are 
obtained per cm.^ of the surface 
employed. We make use of the method given on p. 19, i.e. we intro¬ 
duce a double plate into the field, separate the halves there (fig. 81), 
and measure the charge on one half with the help of a cup electrometer. 
Provided, .then, that the plate was at right angles to the lines of force 
at the moment of separation, the measured charge, divided by the 
’*• Til© original idea is due to Lord Kelvin. 

(B0ir) 



6 
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area of tlie plate (i.e. the surface density a on the plate), is a direct 
measure of the magnitude of the electrical displacement D at the 
particular point of the field. If the plate was not at right angles to 
the field, the measurement gives the magnitude of the displace¬ 
ment in the direction of the normal to the plate (see p. 19). Thus the 
observed surface density is 

cr= D^. 

Quantitative Relation between Displacement and Intensity. —On 

p. 20 we saw that the displacement and intensity are proportional 
to one another, i.e. that 

D = KoE. 

Let us consider the intensity and the displacement in the homo¬ 
geneous field between plane plates. The charges residing upon the 
plates send their lines of force parallel to one another throngli the 
homogeneous field, (Edge effects may be neglected; they c,‘.an be 
eliminated by suitable devices.) In this case the field strength or 
intensity is measured by the number of field lines per 1 cm.^ of a surface 
parallel to the plates. In the same way, the displacement is nieasiired 
by the corresponding number of lines of force (p. 20). Now the 
magnitude of the displacement is equal to the number of unit charges 
residing upon unit area of the plates; for all these charges send out 
their lines of force normal to the surface. Hence the displacement 
is numerically equal to the surface density a of the charge on tlio 
condenser plates, and we have 

cr=:D = KoE. 

The factor Kq is the number of lines of force producing such a 
displacement in space devoid of matter that the intensity is equal to 
1 volt/cm., i.e, that there is one field line per 1 cm.^ of a surface normal 
to the field. In order to arrive at the value of Kq in the customary 
umts, we have to determine the charge density in coulombs per 
which produces an intensity of 1 volt per cm. in the plate condenser. 

The mtensity (in volts/cm.) is most easily measured from the 
potential difference U of the condenser and the distance 5 between 
its plates. 

The surface density or or the magnitude D of the displacement 
may be measured, as e^lained above, with a double plate. 

Measurements of this kind have led to the value,* 

Kq = 0 * 886 . 10 "^^ (coulombs/cni.^)/(volts/cm.). 

This value is a constant of nature; it expresses the relation between 
electric displacement and intensity, when these are measured in our 



DISPLACEMENT AS MEASURE OF FIELD 


67 


units. It is sometimes referred to as the albsolute dielectric constant 
of the ether.* (See further p. 74.) 

If the charge be measured in elementary imits (electrons), then 
using the data given on p. 51 we obtain the value Kq^ == 5*56.10^ 
(6/cm.^)/(volts/cm.). Thus a charge density of 556,000 elementary 
charges per 1 cm.^ of a plate condenser produces in this a field strength 
of 1 volt/cm. 

Charge and Flux of Force.—On account of their great importance 
we will consider the above results from a somewhat difierent point of 
view. 

For this purpose we consider the flux (p. 14) of the vector D, i.e. 
the number of lines of force passing through an arbitrary surface 
situated in the field. 

The number of lines of force passing through a surface is called 
the flux of force through the surface. 

The flux of force can also be expressed as follows in terms of 
the field strength: 

Since the density of the lines of force is proportional to the field 
strength E, the flux of force through the element of area dA at right 
angles to the lines of force is 

c?5),-KoEc^A=Dc?A. 

If the element of area is not at right angles to the lines of force, 
we must take the projection of it in this direction. If (E, n) is the 
angle between the normal to the surface and the direction of the lines 
of force, then 

dOe = KoEcZAcos(E, n). 

When the diflerent elements of a larger surface are inclined at 
different angles to the direction of the lines of force, the total flux 
of force through the surface is given by 

== KqJ E cos (E, n)c?A =y*D cos (D, n)dA= Jj) dA^ 

where dAn stands for the projection of dA upon a plane at right angles 

to D. 

In this connexion we must adopt a convention as to the direction 
of the normals. In the case of a closed surface, for example, we will 
take the outer side and the outward normal as positive. Thus the 
flux of force through such a surface is positive in the direction from 
inside towards outside. It follows that the magnitude of the charge 

* Concerning the significance of this name, see p. 84. This factor is a funda¬ 
mental constant, like the velocity of light (p. 196) or the gravitational constant 
(Vol. I, p. 177). The accurate determination of its numerical value is therefore of 
great importainco. In the so-called electrostatic system of measurement Kq is put 
exactly equal to l/47r (p. 82). 
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upon the test plate, as measured (p. 65) by means of the cup 
electrometer, is the numerical measure of the flux of force through 
the area of the surface occupied by the test plate at the moment of 
separation. 

Flux of Force through a closed Surface, —As is shown by Faraday’s 
ice-pail experiment, the total flux of force through a closed surface 
is equal to the magnitude of the enclosed charge (fig. 82). This result 
is not affected by the form of the surface or of the field. Due account 
must be taken of the sign, as determined by our convention concerning 
the direction of the normals. 

To determi n e the total flux of force we form the integral over all 
the elements of surface. For a closed surface (to indicate which we 



Fig. Sz .—Flux through a closed surface 
due to enclosed charges 



Fig. 83.—Zero total flux of force 
t'troij'rh .1 c!c-Po.i s-.irf.u'o io -.-ru.'! 
ar.d crposlvc or.c'o.-iril 


draw a small circle tiirougi. tlie symbol of integration) this gives the 
total enclosed charge Q, i.e. 


^DJA,„=Q:=Ko^EcZA„. 


This equation is the mathematical expression of Faraday’s icc-pail 
experiment. 

It is important to pay due attention in the integration to the 
sense of the normals and the sign of the displacement. Thus in fig. S3, 
for example, the total flux of force through the closed, surface is zero. 
^ The last equation shows that the displacement produced by charges 
m a region of space can be obtained by integration over a surface 
This IS knoTO as Gauss’s theorem; it is of great importance for the 
treatment of specially distributed charges. 

Wheu several charges are situated within a closed surface, each 
of them Q, sends a flux of force through the surface, and the 

total flux of force is therefore = SQ. 

The distribution of the charges in the space enclosed by the surface 
has no influence upon the magnitude of this total flux of force; nor 

is by 

algebrarc addition of the charges enclosed by the surface 
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Note, —^The fact that the total flux of force is obtained by scalar addition, 
although the forces add together as vectors, is'due to the use, in the calculation 
of the flux of force, of the projections of the elements of area at right angles to 
the lines of force; these projections all have the same direction near any given 
point and therefore add together algebraically. 

Fluz of Force through a Closed Surface due to Charges situated 
Outside. —Each line of force entering the surface leaves it again at 
some other point; for, by assumption, the charges are situated outside 
the closed surface (fig. 84). It is easily seen 
that the flux of force entering is equal to that 
leaving the surface, so that the total flux 
through the surface is zero. Hence in calcu¬ 
lating the flux of force through any closed 
surface no account need be taken of charges 
outside the surface. 

Volume Density of Electric Charge.—The thSt'dfsed sSrcV°due 
volume density p of a charge distributed “to charges lying outside, 
uniformly over a space (so-called space charge) 
is defined as the quantity of charge per imit of volume, i.e. p = Q/V, 
where Q is the total charge and V the total volume. The total flux 
of force due to unit volume is therefore p. 

Examples of the Application of Gausses Theorem. —Gauss’s theorem is often 
used, especially in electrical engineering, for the calculation of the nature of 
fields. 

1 . Infinitely Large Plane with Constant Surface Density cr. —^Prom each unit 
of area emanate c lines of force. Since the lines of force do not intersect one 
another, considerations of symmetry show they are in equal numbers on each 
side of the plane, and are at right angles to it. The density of lines of force on 
each side of the plane is therefore D == Jcy; this value is independent of the 
distance from the plane. It follows from this that the field strength is also constant 
at all points in the neighbourhood of .'the plane. 

2 . Two very large Parallel Planes. —^Let the planes be charged uniformly 
with the same surface density o, but with opposite sign. The field can then be 
regarded as the superposition of two fields of the-kind considered in example (1). 
Hence between the plates we have a double field for which I) = Jor 4* 'io' = cr. 
Outside the space between the plates the partial fields are of opposite sign and 
neutralize one another, i.e. D = 0. The field strength is thus constant at all 
points between the two plates, and its magnitude is independent of the distance 
between the plates. The lines of force run normally to the plates. Outside the 
space between the plates the field strength is zero. In this example the area 
of the plates is to be taken so large in comparison with their distance apart that 
edge eflects (p. 12 ) are negligibly small (plate condenser). 

12. The Energy Content of the Electric Field 

Force in a Plate Condenser at Constant Charge.— Work is required 
in order to separate ckarges of opposite sign. Tke corresponding 
energy is stored up in tbe field. Foi'^tbe elongation of lines of force, 
for example in a plate condenser, produces ah electrical displacement 
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wMcli previously did not exist in the space. Every volume element 
of the field therefore has a certain energy content, the magnitude 
of which must obviously depend upon the magnitude of the corre¬ 
sponding electrical displacement. 

In order to calculate the work W =T?x required to fill a certain 
volume with a known displacement, we will separate the plates of 
an insulated plate condenser by the distance x in the direction of 
the field. The new volume which is thus filled with electrical dis¬ 
placement is ccA, where A is the area of each plate. 

We obtain the force P of attraction between the condenser plates 
by applying the equation P = QE. We may regard the charge Q 
of the one plate as situated in the field of the other plate. Now’’ 
according to p. 69 the partial field strength due to each plate is one 
half of the total field strength E in the condenser. The force on each 
plate is therefore P = JQE. 

The surface density being cr==KoE, the charge is Q = K()EA 
and the force 

P-iKoE^A. 

If Q is measured in coulombs and E in volts/cm., the value to be. 
used for Kq is 0*886. In this case the force is obtained in multiples 

of 10^ dynes (p. 50), i.e. P = 0*443.10~^^E^A[10'^ dynes]. 

For the plate condenser we have also E = U/5 (p. 33), where U 
is the potential difierence between the plates. Making use of this, 
we obtain for the force of attraction between the plates 

p = 4>^5a. 

The Field Energy. —It follows from above that the work expended 
in. separating the plates by a distance x is 

W = Pic = iKoESAcr = 

where V is the increase in volume of the space between the plates. 
Since no further changes have been brought about in the field, this 
amount of energy is stored up in the volume V. 

Hence at constant charge ike increase of field energy is equal to the 
work of sejiaration. 

The energy per unit volume of the electric field, i.e. the energy 
density, is therefore 

S=^=iKoE2=l|!=iDE. 

The energy density at any point of the field is equal to one half of 
the product of the displacement and the intensity. 
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Wlien E is measured in volts/cm. and Kq is put equal to 0-886.10“^® 
tEe energy is obtained in joules and tbe energy density in joules[cm.^. 

Total Field Energy.—If is tbe total volume of tbe plate con¬ 

denser, then W == l-DEV^ is tbe total energy contained in tbe field, 
i.e. tbe work required to charge the condenser. Since = At? (where 
d is the distance between the plates) and also Ed ••== U and DA = Q, 
we can write 

W = i QU. 

In the customary units we have 

W (joules) = iQ (coulombs) X U (volts). 

This equation is of quite general validity. 

The wofh required in order to produce a potential difference U between 
two charges Q is equal to one half of the product of charge and potential 
difference. 

The field between the two originally uncharged plates can be built up gradually 
by transferring the charge Q in successive small elements from the one plate 
to the other. The element of work'done in each such transference is given (p. 29) 
by = II^dQj where is the potential difference at the moment of the 
transference. At the beginning the work of transference is zero; at the end it 
is UdQ: the average is therefore dW = JUdQ. Hence the total work is W = iUQ. 

Magnitude of the Force at Constant Potential Difference.—The 

plates of the condenser are now connected to a source of constant 
difference of potential. As we separate the plates by a distance a?, 
the field remains homogeneous and the field strength is given at every 
moment by U/5, where s is the corresponding distance between the 
plates. Now U remains^ (by assumption) constant, while 5 increases 
to s + a?; therefore E must decrease to ^sl{s + x). 

From this it follows that the surface density, which was originally 
o-= KqE, must also have diminished to asl[s-\-x). Similarly the 
energy density must have decreased from its original value -|KoE^ to 
the value ■|KoE%^/(5+ x)'^. 

When the,'distance between the plates of a condenser is increased at 
constant potential difference, the charge density on the plates and the 
energy density of the field are decreased. 

For a calculation of the energy conditions in a similar case see 
p. 98. 

Attracted Disc Electrometer.*—The attraction between the plates 
of a plate condenser can be measured with a balance. Assuming that 
the field is really homogeneous, the equation P = ^KqU^AIs^ may 
be used to calculate the potential difference between the plates from 

* First described by Siu William Thomson (born 1824 at Belfast, died 1908), 
wbo was Professor of Physics at Glasgow, latterly with the title Lord Kelvust. 
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tie measured values of P, A and 5, i.e. from purely mechanical 
quantities. We have 

' 

XJ = 5* volts. 

KqA 

Thus the plate condenser may be employed as an electrometer. 
It is very useful when no standard cell is available; its chief valuCj 
however, is for the measurement of large potential differences. For 
this reason it is sometimes referred to as an absolute electrometer. 
For accurate measurements it is essential that the field shall be 
homogeneous; this is ensured by the use of a guard-ring (fig. 85). 
Fig. 86 shows a practical arrangement of the apparatus. 




Fig. 85.—Condenser 
with guard-ring 


Fig. 86.—Attracted~disc electrometer 



The lower condenser plate A is supported upon an insulating stand, and can 
b© moved up towards the upper plate C at will by means of an adjusting screw*’. 
The plate 0 is suspended from one arm of a sensitive balance and is brought 
into equilibrium when the condenser is uncharged. This plate is surrounded 
by a ring B (the guard-ring) of the same thickness, the distance between plate 
and ring being small. The ring, which is fixed, is connected to earth by means 
of a wire attached to the binding screw P. In addition there is a conducting 
conne^on between B and C, either by means of a wire, which must bo so thin 
interfere with the free motion of the plate C, or through the earthed 

The lower plate A is connected to one pole of the system whoso potential 
difference is to be measured. The other pole of the system is earthed, so as to 
etoate disturbances due to the surroundings. The purpose of the guard-ring 
B IS to remove the unavoidable edge-effects from the attracted disc C, so tliat 
the electrostatic field of force between A and C may be regarded as homogeneous. 


13. Capacity 

Relation between Charge and Potential Difference.—The total 
° "^1 characterized by means of the potential difference 

and the charge (total flux of force). For any given arrangement, these 
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two quantities are not independent. We will make this clear by 
considering the plate condenser. 

The intensity in the condenser is determined by the surface density 
of the charge according to the equation a = KqE. Hence at given 
surface density the potential difierence U depends only upon the 
distance s between the plates: 


U=ES=:^ = $.A. 
Ko A ■ Ko 


For a given area A of the plates and a given distance s between 
them, a definite quantity Q of electricity upon the plates therefore 
causes a definite potential difference between them. As the formula 
shows, this potential difference is proportional to the charge. Similarly 
the charge Q of a plate condenser of given area A and thickness s 
is proportional to the potential difference. We may therefore write 

Q = CU. 


Thus for a given potential difference the system can only take up 
a certain quantity of electricity; this quantity is greater, the greater 
the value of C. For this reason the factor C is called the capacity of 
the system. 

A system has unit capacity when one coulomb of electricity produces 
in the system a potential difference of one volt. This unit of capacity 
is called 1 farad,* or abbreviated 1 f. 

This capacity far exceeds that of the arrangements of conductors 
ordinarily met with. Hence the unit usually employed is one million 
times smaller; it is called 1 microfarad (1 pf. = 10“® f.). Even this 
unit is too large for many purposes, in which case the capacity is 
expressed in terms of a unit one million times smaller still. This is 
written as 1 (x(i.f. = f., but unfortunately has no special name. 

Condensers. —^Devices so constructed as to have a large or an 
accurately defined capacity are called condensers. We will now consider 
the most important types. 

Plate Condenser .—^We have already become acquainted above with 
the properties of this arrangement. From the previous discussion it 
follows that the capacity is given by 

C = KoA/5. 

Thus the capacity of a plate condenser is directly proportional to the 
area of the plates and inversely proportional to the distance between 
them. 

Measuring A in cm.^, s in cm. and putting Kq = 0-886.10“^^ 


In honour of Faraday, p. 6. 
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(p. 66 ), we obtain C in farads. When A == 1 cm.^ and s = 1 cm. we 
have 


C = 0-886.10-13 farads. 


Hence Kq can he expressed in the units farads/cm. instead of 
(coxdombs/cm.3)/(volts/cm.). The numerical value is the same in 
both cases. We thus obtain the value 

Kq = 0*886 . lO'is farad/cm. 

for the fundamental electrostatic constant Kp, which expresses the 
relation between field strength and electrical displacement. 

In fig. 12 (p. 12) the change of capacity was obtained by altering 
the distance between the plates. In most modern instruments,, how¬ 
ever, this effect is produced by rotation of a movable set of plates 
relative to a fixed set (as in fig. 87).* 

In order to store up as large a quantity of 
electricity as possible, the area of the plates 
must be made large and the distance between 
them small. Under these conditions the field 
strength, for any given potential difference, 
becomes very great. Now air at atmospheric 
pressure becomes ruptured at field strengths 
greater than about 28,000 volts/cm. Sub¬ 
stances of better insulating power are therefore 
used. But the insertion in the condenser of 
material substances modifies the conditions 
(p. 82), so that we must postpone the dis¬ 
cussion of such types until later. 

Spherical Condenser .—This type consists 
of a sphere surrounded by a concentric spherical shell (fig. 88 ). We 
will consider the case in which the space between the spheres is filled 
with air. The inner sphere is charged by means of a thin wire passing 
through the outer sphere and insulated from it. 

The lines of force leaving the inner sphere, which carries the charge 
Q, run radially outwards and all end on the outer sphere (fig. 89). 
Hence the density of the lines of force, and therefore also the field 
strength, diminish inversely with the square of the distance from the 
common centre of the spheres (p. 16). Since the surface density upon 
a sphere of radius r carrying the charge Q is C 7 =: Q/iirr^, the field 
strength at the surface of the inner sphere of radius r is E = <j/Kq 
~ Q/^Trr^KQ, and the field strength at any distance x greater than r 
is Q/ 47 rx^KQ. The radius of the outer sphere being E,, the potential 

* The rotary variable condenser was described by Koupsbl in 1901. 
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difference is therefore given by the line integral 

U — r dx = ^ = Q /I _ I'N 

•'r 4:'rrx‘^K.0 inK^Jr x‘‘ 47rKnW R/ 


Hence for the capacity C we have 


C = 


Q 

U' 


47rK. 


Rr 


“R- 


= 47rK„ 


(r/R)- 


When R — r is very small in comparison with r, the variation of the field 
strength may be neglected and the field regarded as homogeneous. The formula 
for the plate condenser (see above) can then be applied. 



Fig. 88.—Spherical 
condenser 



Fig. 89.—Diagram of the lines of 
force in a spherical condenser 


Special importance attaches to the case in which E is very large 
in comparison with r. When this is so, r/E becomes very small and 
can be neglected in comparison with unity. We then obtain 

C = farads. 

This case is important because the lines of force from an insulated 
charged conductor of sufficiently small dimensions end upon the sur¬ 
roundings, and give rise to a field which can be regarded as spherically 
symmetrical in the neighbourhood of the conductor. Use is frequently 
made of the term capacity of a conductor the capacity really 
referred to being that of the system conductor -f distant surroundings. 
Thus we can say: 

The capacity of a sphere ” is proportional to its radius. 

An isolated sphere of 1 cm. radius has a capacity of about 10“^^ 
farad (more exactly Til . lO’'^^), i.e. about 1 

It is important to bear in mind that the capacity of a conductor ” 
is dependent upon the nature of its surroundings. 

In order to convince ourselves of this, we may perform the following experi¬ 
ment. We set up a conducting ball upon an insulating stand and connect it 
with one pole of an electrometer. When the ball is then charged up, the electro¬ 
meter indicates a. certain definite potential. But if we then bring the hand 
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up towards the ball, the potential falls perceptibly, the reason being that a con- 
siderable fraction of the lines of force now end upon the hand, which, together 
with the hall, forms a condenser of perceptibly greater capacity. 

Cylindrical Condenser .—This consists of an inner cylinder or rod 
of radius r, surrounded by an outer cylindrical shell of radius R. (See, 
for example, fig. 1, p. 299.) Comparing with the investigation for 
the spherical condenser given above, we see that in the present case 
we have 

^ 23 ; ^ 

Hence the value of the capacity is, in farads, 

C= 27rZKo/logg(R/r), 
where Z is the length of the condenser. 

This formula shows that here the effect of increasing R does not become 
negligibly small when R is very large, as was the case for the spherical condenser. 
For I must always he large in comparison with R; otherwise the number of lines 
of force proceeding from the ends increases and becomes more and more important 
as R is increased, until at last when R is large compared with I we have practically 
spherical symmetry. It is very instructive to think this out in terms of the 
disposition of the lines of force. 

If the field of force is to preserve cyliudrical symmetry, I must also be increased 
as R is increased. Hence the capacity of a cylindrical condenser does not tend 
to a limiting value, as does that of a spherical condenser, but goes on increasing 
indefinitely. 

Surface Density of Charge and Radius of Curvature.—It follows 
from the formula for the capacity of a sphere that for a given potential 
the surface density of an isolated sphere is inversely proportional to 
its radius. In fact, 

Q = 47Tr V == CU = 47rE:o^U, 

and hence a = KoU/r. 

Hence if we connect together two spheres which are at a great 
distance from their surroundings, and then charge them to the potential 
U, the surface densities of charge upon them will be inversely pro¬ 
portional to their respective radii. The smaller sphere will therefore 
he more densely covered with electricity than the larger sphere. This 
can easily be verified by testing in a cup electroscope two balls 
of unequal sizes which have been previously charged up while in 
conducting connexion with one another. 

How the greater the surface density, the greater also the field 
strength in the immediate neighbourhood; for a = K^E. In the 
case of a body with variable surface curvature the surface density 
of charge, and consequently also the field strength, arc greatest at 
those regions which have the smallest radius of curvature. A sharp 
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point is a region where the radius of curvature is very small. The 
surface density at a sharp point is therefore very great, as was shown 
by the experiments described earlier in this boob (pp. 24 and 56). 

I E 


I_i_ 

Fig. 90.—Two condensers Fig. 91.—^Example of several capacities 

arranged in parallel arranged in parallel 

The high surface density at corners and edges (e.g. of a cubical 
box of sheet metal, p. 56) can also be explained as due to the great 
curvature, i.e. small radius of curvature, at these places. 

Arrangement of Capacities.—Two condensers may be connected 
together in two different ways: (1) with their similarly charged plates 
connected (so-called arrangement in 'parallel, figs. 90 and 91) or (2) 
with their oppositely charged plates connected (so-called arrangement 
in series, fig, 92). 

Arrangement in Parallel, —On 
account of the conducting con¬ 
nexion both condensers have the 
feame potential difference U. The 
quantity of electricity in the 
condenser I is = CiU: simi¬ 
larly the quantity in the con¬ 
denser II is Q 2 = C 2 XJ* There ^ 2 ,, —Capacities arranged in series 

is no movement of electricity 

through the conducting connexion, because U is the same for both. 
Hence the total charge is equal to Qi + Q 2 == (0^ + C 2 )XJ = 0^X1, 
where stands for the total capacity of the system. 

In general for n condensers arranged in parallel we may prove in 
this way that 

c, = sc,. 

n 

The capacity of a system of condensers arranged in parallel is egual 
to the sum of the individual capacities. 

Arrangement in Series. —The potential difference U is applied to 
the points A and B (see fig. 92). This results in the appearance of 
surface charges corresponding to the lines of force drawn in the figure. 
Since the central part of the system is insulated, it fbllows that the 
absolute magnitude Q of the charge must be the sam^ on each plate* 
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In tLe example sLown in tlie figure tlie potential difference U is the 
sum of three partial potential differences Ui, Ug, and Ug, which m’e 
given by the equations XJjl = Q/Ci? LFg = Q/O 2 ? 3 * 

Thus we have 

U = XJ]_ Ug IJ3 == Q h Q h 

and therefore ~ /r + /T 4“ 

Ci Li Lg 

In general for n condensers arranged in series 



The TecipToccd of the total capacity^ of a systewi of^ condeTiscTS aTva%ged 
in scfies is egual to the sum of the TecipTocals of the individual capacities. 

0 u U . 

Figs. 93 and 94.—Increase of potential difference by rearrangement of condensers 


Thus tie total capacity of a system of condensers arranged in series 
is smaller than the capacity of any one of the condensers. 

In this arrangement the greater the capacity of hn added condenser, 
the less the consequent alteration of the total capacity. 

Distribution of Potential Difference in Condensers arranged in Series.— 
The last result can be considered from a different and instructive point of view. 
The arrangement of the condensers in series causes a subdivision of the potential 
difference. The smaller the capacity of any condenser, the greater the share of 
the potential difference which it carries; for = Q/C^- Hence the addition 
of a new condenser in series with the original system has the effect of reducing 
the potential difference of that system, the amount of the reduction being equal 
to the share of the potential difference taken up by the added condenser. This 
share is very small when the added condenser has a very large capacity; in 
this case, therefore, the original system is very little affected. 

Increase of Potential Difference by means of Condensers.—^In order to 
produce a larger potential difference from a given difference XJ, the latter may 
be used to charge a system of condensers arranged in parallel (fig. 93). The 
system is then rearranged (fig. 94) in series. (The condensers must be well in¬ 
sulated from:one another, except for the connexions mentioned.) Such an arrange¬ 
ment is sometimes called a cascade hattery. When n similar condensers arc em¬ 
ployed, the potential difference after the rearrangement into series is wU. The 
quantity of electricity which can now be obtained from the system is, however, 
only Ijn of the origmal quantity. For the system is completely discharged by 
connecting together the two extreme plates, upon which resides only 1!% of 
the quantity of electricity originally imparted to the condensers at the lower 
potential difference. 
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Capacity of Electrometers,—^Every electrometer is an arrangement 
with a certain capacity, which indeed varies slightly with the throw 
of the instrument. Every measurement of potential difference neces¬ 
sitates the transference, to the electrometer and its leads, of a quantity 
of charge corresponding to their capacity. This charge is derived 
from the system under investigation. If therefore the measurement 
is to indicate the potential difference of the system before attachment 
of the electrometer, we see that (when the system is not connected to 
some source of constant potential difference) the quantity of electricity 
passing over into the electrometer must he small in comparison with 
the total quantity which the system contains. 

If this condition is not fulfilled, it is necessary to know the capacity of the 
electrometer in order to determine the true potential difference. 

Let the capacity of the system under investigation be C and the total quantity 
of electricity associated with it be Q. The original potential difference U is then 
given hy the equation Q = UC. After connexion with the electrometer, whose 
capacity we will call the charge Q is distributed over the composite system 
of capacity C + C^j. The observed potential difference U' is given by the equation 
Q = U'(C + Qqi), Equating the two values for Q we obtain UC = U"(C + 
whence we have at once for the original potential difference the value 

U=U'(l + ^). 

When 0 is large compared with C^i, the term O^i/C is very small compared 
with unity, and the observed potential difference is practically identical with 
the original. If the capacity of the system under investigation is unknown, it 
can be measured by connecting a known capacity to it while it is in connexion 
with the electrometer. It is possible to calculate the unknown capacity of the 
original system from the observed fall in the potential difference. Of course 
all these experiments necessitate very good insulation. 

The order of magnitude of the capacity of the commonest electrometers is 
about 1/10 that of quadrant electrometers is up to 10 times greater. 

Measurement of Charge.—^We have already Tbecome acquainted 
with a satisfactory method of measuring charge, but up to the present 
we have only been able to express charges in relative terms. We will 
now discuss how the cup electrometer, our instrument for the measure¬ 
ment of charge, may be calibrated in coulombs. 

Eor this purpose we first calibrate the cup electrometer in volts 
with the help of a standard cell. We then connect the electrometer 
with a system of known capacity 0 and proceed to transfer to the cup 
the charge Q^. whose magnitude we wish to measure. This causes a 
throw of the electrometer corresponding to a certain pressure U. Erom 
this we obtain at once the desired value of the charge in coulombs, 
viz. = U(C + C«j), where is the capacity of the electrometer. 
In order to avoid the determination of G^i, we may choose C so large 
that Cel can be neglected in comparison. 

It is possible to obtain condensers of known capacity, so-called 
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standard condensers (concerning tEeir standardization see p. 476). 
We may use a standard condenser of 0*01 pf., for example, in connexion 
witE tEe electrometer. In tEis case tEe capacity of tEe condenser is 
about 1000 times greater tEan that of tEe electrometer, so that tEe 
cEarge can be measured witE an accuracy of OT per cent when tEe 
electrometer capacity is neglected. TEis arrangement can only be 
used, Eowever, for measuring large charges, because otEerwise tEe 
potential difference is too small. For small charges the electrometer 
must be employed alone (without condenser), and its capacity must 
be known. 

To determine the capacity of the electrometer we make use of the equation 
U = U'[l + (Gg^/C)] (see above). The electrometer, which has been calibrated 
in volts, is charged up to a certain pressure U. The charging source is then removed 
and a known capacity C connected to the electrometer. The diminished pressure 
T7 is observed and the. electrometer capacity calculated from the above 
equation. 

Example.—We charge a ball of 10 cm. radius (see fig. 81, p. 65) to a potential 
of 10,000 volts by means of an electrical machine and place a double plate of 
3 cm.2 area at a distance of 20 cm. from it. The test plate gives a throw corre¬ 
sponding to 1 volt in a cup electrometer of known capacity equal to 3.10“'^^ 
farad. The charge on the plate is therefore 3.10”^i coulomb, and the electric 
displacement at a distance of 20 cm. from the charged ball is 10“^^ coulomb/cm.^ 

According to p. 75 the capacity “ of the ball ” (i.e. of the system ball + distant 
surroundings) is equal to Idl. IO-12.10 = mi . iq-u f. Thus at a potential of 
10,000 volts the ball carries the charge Q = UC = 1-11.10""coulombs. Henco 
the surface density of charge is Idl. 10“74Tr^2 ^ 0.330 ^ jq-io coulomb/cm.2. At 
a distance of 20 cm. from the surface (i.e. 3 r from the centre) the correspondin" 
surface density is 0-886 . lO'^o/g ^ iq-ii coulomb/cm.2 approximately, as found 
m the experiment described above. 


14. The so-called Absolute Electrostatic System of 
Measurement 

Nowa(kys all instruments are calibrated in volts, coulombs, and 
ferads and all measurements carried out on tbe basis of these units. 
The ''^olt, coulomb, and^ farad are, however, arbitrary units; tboy 
were chosen so as to coincide as nearly as possible with the earlier 
historical units, so as to approximate to the orders of magnitude 
co^only met with and so as to be reproducible with exactitude 
and ease. The standard cell was devised as a means of reproducing 
the volt We shaU become acquainted later with the practical method 
of leproducmg the coubmb. The farad is determined by means of 
the volt and coulomb. Thus standard condensers, calibrated in farads 
can be used m conjunction with standard cells as standards of charge! 

Before these nmts had bep fixed, and in the times when the 
present methods of specification were impossible (on account, for 
ateSS w chemical purity of the substances employed), 

^ express electrostatic quantities in teri^ of 

umts denved from the most accurate methods then known, namely 
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tlie measurement of forces. For tMs purpose the natural course for us 
to-day would be to take tke forces in a homogeneous field as basis, 
and to define charge and potential difference in terms of the forces 
in an attracted disc electrometer, using the C.G.S. units. In the earlier 
times we are considering, however. Coulomb’s law had been chosen 
as the basis for the formulation of the properties of the electric field, 
in analogy to Newton’s law for the gravitational field. Hence Gauss 
and Weber pursued the following line of thought in setting up the 
first electrostatic system of measurement. 

Coulomb’s law for space devoid of matter, viz. P — fQ^QJr^ (p. 16), 
contains only one electrical quantity (except for the factor /); this is 
the charge. The units of the other quantities are defined in the C.G.S. 
system. It is possible therefore to express the charge in C.G.S. units, 
provided that the factor / be fixed arbitrarily. The simplest course 
is to put/= 1. Then we have: 

The C.G.S. unit of charge is that Q.uantity of charge which exerts 
a force of 1 dyne upon a similar quantity of charge situated at a distance 
of 1 cm. from it. 

This is called the electrostatic C.G.S. unit of charge or of quantity 
of electricity. 

Its dimensions (when / is put equal to a pure number, namely 
unity) are [cm.s gm.'^^, sec.“^]. 

The electrostatic C.G.S. unit of potential difference is defined as 
that potential difference which must exist between twm points in 
order that the quantity of work required to transfer the unit of 
charge from one point to the other may be 1 erg. 

The dimensions of this unit of potential difference are therefore 
[cm.^, gm.'^’, sec."-^]. 

The electrostatic C.G.S. unit of capacity follows at once from the 
units already defined. Thus the C.G.S. capacity of a system is unity 
wfien the electrostatic unit of charge produces in the system the 
electrostatic unit of potential difference. 

It follows that the dimensions of the electrostatic C.G.S. unit of 
capacity must be [cm.]. 

Hence the “ capacity of a sphere ” (p. 75), expressed in electrostatic units, 
is C = r, i.e. numerically equal to the radius in centimetres. For this reason the 
electrostatic unit of capacity is often called “ 1 centimetre ”. We have, therefore, 

1 cm. = 1*11 . 10“^^ farad or 10“^^ farad = 0*9 cm. 

Comparison of the formulations of Coulomb’s law in the two systems 
of measurement gives the following relations: 

1 electrostatic unit of charge = J coulomb. 

1 electrostatic unit of potential difference = 300 volts. 

1 electrostatic unit of capacity = ITl. 10"^^ farad. 

(E 617) 


7 
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Expressed in the electrostatic C.G.S. units, the fundamental constant 
‘Kq has the value I/Itt. 

This absolute electrostatic system of measurement has never been 
in practical use; but it is still employed almost exclusively in tlnu)- 
xetical treatises. In order therefore to arrive at the forniuh.e corre¬ 
sponding to the readings of practical measuring instruments (nanu^ly, 
coulombs, volts and farads), it is necessary to replace 1 /Itt by K,) in 
theoretical formulae which are expressed in terms of the so-callcMl 
absolute electrostatic system of measurement. 

For the sake of convenience the most important formula? giving the relation¬ 
ship between the various systems of electrical units are collected in a 
in the Appendix. 

15. The Electrostatic Field in Space filled with Matter 

Charges in Systems with Eciual Potential Differences.—AVe Lx'gin 
with the following experiment, the essential idea of which is due t(^ 
Eaeaday. An electrically charged 
ball (%. 95) is supported upon 
an insulating stand. At suitable 
distances on either side of it are 
two exactly similar metal vessels, 
both connected to earth. One 
of the vessels is filled with 
paraffin oi], tJie other with air. Fig. 95.—InHucnce of the dielectric 

Two rigid conducting wires 

project from the ball into the interiors of the respective V(\ss(ds. 
AA"e now take two similar proof balls, mounted u.]) 0 ]i insulntiiig 
handles, and dip one into each of the vessels so as to touch tin? vvir(\s 
simultaneously. Both proof halls are thus brought to the same ])ottMi- 
tial. AA"e now investigate their respective charges witli the lielp ol: a. 
cup electrometer. We find in this way that the proof-ball whicli luis 
been dipped into the vessel containing the paraffin oil carries a, cliargu 
2-|- times greater than that of the other ball which has ol)tainod its 
charge from contact with the wire in the vessel filled with air. 

Other liquids may be used; in every ease there is an increase of 
the charge in the vessel containing the liquid. The magnitude of tiu? 
increase is dependent to a large extent upon the chemical nature of 
the liquid. 

Since the two test-balls were in conducting connexion with one 
another, they must have had the same potential relative to the vessHs, 
which were also in conducting connexion. From the similarity of the 
vessels and from the fact that the potential difference is defined as 
t e line-integral of field strength, it follows that the relation betwx?(m 
charge density and field strength (p. 66) must be different in the new 
material medium from what it is in air. As the above experiment 
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shows, the charge density of the condenser, for a given field strength, 
is always greater in the new material medium than in air (or vacuum). 
We can express this result as follows: 

For a given potential difference, ike charge density of a condenser is 
greater when the condenser is filled with a material medium than when it 
is evacuated. 

Potential Difference for Eaual Charges. —We can also test this 
relationship by measuring the potential differences in the two cases 
wdien the charge remains constant. 

We measure the potential difference between the insulated plates 
of a charged plate condenser by having them connected to an electro- 



Fig. 96.—Influence of the dielectric upon the potential difference of a charged condenser 


meter throughout the experiment (see fig. 96). We note the reading 
when the space betw-een the pdates is fi.lled wdth air; and then (v/ithout 
altering the charge) we low^er a glass plate upon two strings, as shown 
in the figure, so that it passes between the two plates without touching 
either of them. The deflection of the electrometer is observed to de¬ 
crease. From this it follows, in analogy to the result stated above, 
that: 

For a given charge the field strength, or intensity, is smaller in the 
onaterial m.edium than in vacuo. 

Relation between Displacement and Field Strength. —^When the 
space between the plates of a plate condenser is devoid of matter, the 
field strength and the surface density of charge are related to each 
other by the equation g = K^E = D. The above experiments have 
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sEowu that the relationship between a and E is not the same in a 
material medium as it is in a vacuum. 

Following the course taken by Maxwell, we can descri])o the 
experimental facts by adopting the following formal rule: Ihe electric 
charges are characterized by the total electrical displacement ol tfie 
ether, indeed they may in a certain sense be equated to tliis total 
displacement. Since now in the last experiment described al)o\a‘. the 
charge remains constant, the total displacement in the condiaisi'r 
must be considered as the same after the introduction oi: the materia.I 
medium as before. The field strength, however, is smaller a.lter tia^. 
material medium has been inserted. We can express this ri'salt Iiy 


writing 


c = D KoKE 


(so-called material equation). The factor K is equal to unity in space 
devoid of matter; but in material media K is always gn.^atc'r than 
unity, because in this case the value of E for a given value ol; o- is 
always smaller than in a vacuum. The ;factor K is called, the dielectric 
constant or the specific inductive capacity of the material medium. 

The dielectric constant expresses how many times smaller the field 
strength is in a space filled wdth the substance than in a vacuum, the 
displacement being the same in both cases. 

The justification for describing this influence of the motliuui by a. simple 
factor of T)r''ipr>rtir.!Ti:’tr lies in the fact that the proportionate inerc'ase of cliarg^^ 
for a give:!, pv-cii-ial di.V,; is independent of the magnitude of f li.it })otential 
dift’erence. Thus in the-experiment shown in fig. 05 {p. <S2), for (.‘xampit', t 
charge is always increased 2|- times relative to air or vacuiiin, no matter 
the constant potential difference is chosen very largo or very small. (S('e also 
Ih p. 99.) 

Condenser with Dielectric.* —Making use of the equation a - ■ K k, 
we obtain for the capacity of a plate condenser filled witli. matt(‘r 
(compare p. 73) the value C— K^KA/a. Thus the capa.city is ])m])or- 
tional to the dielectric constant of the dielectric. 

The capacity of a condenser is increased by the factor K ndtoh the 
eondenser is filled with a substance whose dielectric constant is K. 

The capacity of the condenser in a vacuum being known, tlie 
dielectric constant of a substance can be determined by measuring tlie 
capacity of the condenser when filled with the substance as dii'lectric. 
We have already become acquainted with an elementary example of 
this method (fig. 95, p. 82); for other methods see p. 47G and Cluipter 
XVII, p. 617 et seq. 

Table I contains the dielectric constants of some important sub¬ 
stances. 


* A substance acting as medium for an electric field is known as a cUclednc, (Gr.. 
dia, through.) 
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Table I.— Dielectric Constants 


Substance 

K 

Substance 

K 

Rock salt 

6-12 

Water at 18° C. .. 

81-1 

Sylvite 

5-03 

Ice 

3-2 

Calcite 

11 8-0 

Dimethyl sulphate 

54-8 

C^alcite 

i- 8-5 

Nitrobenzene 

36-5 

Mica .. 

4 to 8 

Methyl alchohol . . 

33-7 

Gypsum 

5-66 

Ethyl alchohol . . 

26-0 

Sulphur 

abt. 4 

Hexane .. 

20*4 

Flint glass 

up to 11 

Bromine .. 

4*6 

Ordinary glass 

5 to 7 

Ethyl ether 

4-4 

Porcelain 

4 to 5-5 

Benzene .. 

2-3 

Sealing-wax . . 

4*5 to 5*2 

Acetone .. 

1-85 

Beeswax 

4-75 

Castor oil 

abt. 2-3 

Gutta-percha 
Vulcanite 
C'aoutchouc J 
Shellac 

Silica, fused . . 
Amber .. 


Oil of turpentine 

4-9 

2 to 4 

Petroleum 

abt. 2 

2 5 to 3-7 
3-6 

2-8 

CO., at 0° C. 

1-000975 

Rosin 

abt. 2-6 

Air „ 

1-000585 

Paper 

1-8 to 2-5 

H, „ 

1-000273 

Paraffin wax , . 

1-7 to 2-3 

He „ 

1-000074 


By choosing a substance of high dielectric constant as dielectric 
it is possible to “ condense ” a very great quantity of electricity upon 
a surfac/e. The construction of })ractical condensers varies accorcling 
to the ])otential diilerence for which they are to be used. In order to 
obtain high ca])acities, it is usual to connect a large number of con¬ 
densers ill parallel (see, for example, fig. 100, p. 86). 



Fig. 97 .—Paper condenser 

(a) Diagram showing the winding (6) Practical form of construction 


For relatively small potential differences the dielectric used is generally 
paraffined paper, covered on both sides with tin foil or aluminium foil. In this 
way it is possible easily to construct condensers of fairly high capacity, say 2 pf. 
when charged to a potential difference of 200 volts, which only weigh 100 gm. wt. 
(fig. 97). 
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Mica is another excellent material on account of its high diolcctric constant 
and very great resistance to rupture by electric discharge (see Appendix). In 

order to avoid the effect of atniospluiric 

W humidity, such condensers are oftcai (‘nclost'd 
in air-tight casings (fig. f)8). Standard con¬ 
densers are also frecpiently constructcMl witli 
Fig. gS.—Endosed mica condenser (Minko) dielectric, because air cOnd(‘nstM\S 

of high capacity would be too Jargi' (on, 
account of the low dielectric constant of air and its small resistance to I'uptvirc'. 
by electric discharge). 

For higher B.M.P.s use is made of glass or oil. Special kinds of glass bav<‘ bcc'u 
prepared, having particularly high dielectric constants and resistanen^ to I’li ptui’i*. 
(minos glass of Schott). These are employed in the form of plate coiich'nsf'rs 
for potential differences up to several thousand volts (figs. 1)9 and 100). ^ Jhir siich 
high E.M.F.s use is often made of jar-shaped condensers, in whitdi the jar, which 
is usually cylindrical, is partially coated with metal (c.g. tin foil) on bot h sidi's 
so as to make it conducting, a wide margin being left uncoated so as to iiisiilnte 

the inner and outer sides from oik^ 
another. This typo of cotKh'iisc'r 
(see figs. 101 and 102) is called a, 
Leyden jar.* 

Plate condensers are also con¬ 
structed for ])otcntial dirhu’iMict'S as 
high as ]0(),000 volts; th(‘ plati'S 
are then embedded in vulcanite' so 
as to prevent discharges he'twe'e'U 
them. 

Transatlantic (table's iinel land 
Figs, gg and 100. —Glass plate condenser cahlcs may bc icgaieh'd as e'on- 

densers of very great capae-ity, the^ 
inner plate being the conductor, the outer plate the conducting sea^ wate'r (or 
the earth), and the dielectric the insulation of the cable. The capacity of sue-h 
a cable may amount to hundreds of microfarads—a circumstance atti'iuh'd by 
considerable disadvantages (p. 210). Concerning a method of supprc'ssing tlu'se 
effects, see p. 580. 

A condenser of very^ great capacity can be obtained by placing tvvo pic'cc's of 
sheet aluminium opposite one another in an aqueous solution of borax, and boric 
acid. If a potential difference of about 100 volts is applied to tlu‘ piiaa's of 
aluminium, an extremely thin layer of aluminium hydroxide is rapidly formi'd 
upon the surface of the positive plate. This layer insulates very cffectiv('l\' and 
forms the dielectric of a condenser wFose one plate is the aluminium and the 
other the conducting liquid. The thicknessf of the layer is about 100 mp; when 
suitably treated it will bear potential differences up to 1000 volts. The capacity 
obtainable in this way is from -J- to 6 pf. per dm. 2 . 

Polarization of the Dielectric.^— plate condenser is confK'cted 

* The name “ Leyden jar ” came into use as a result of the lectures of Kollkt 
(1700-1770). 

11= 10~® [X - 10-G mm. = IQ-^ m. = 10 Angstroms. (The notation pix is idso 
frequently used with the same meaning as mp.) 

t The condenser was invented almost simultaneously (1746) by the cathednd dean 
^VALD Geobg von Kleist at Cammin in Pomerania and by Cunaeus in Leyden 
(Holland). Both had attempted to electrify the water in a jar by dipping into^ it a 
needle connected to an elei--.ricj;! ma--hiike jar being held in the hand. On touching 
the needle with the other hand, they felt a strong electric shock. Benjamin Fkan klin 
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with a.n electrometer as in fig. 96 (p. 83) and an insulated sheet of glass 
is brought between its plates, which are then pressed close up to the 
glass. The condenser is now charged to a certain potential difference, 
after which its plates are removed from the glass and connected to¬ 
gether so that their charges neutralize each other. The neutral plates 
are now brought back again close to the glass plate, whereupon the 
electrometer indicates a potential difference between them. This 
difference is smaller than the original one, but nevertheless of com¬ 
parable magnitude. It follows, therefore, that: 

The dielectric is the seat of an electric field. 

The charges associated with this field have obviously been pro¬ 
duced by induction. The same 
effect can indeed be obtained, 
though to less marked extent, by 
bringing the condenser plates near 
to but not quite in contact with 
the glass plate after the original 
charging of the condenser. The 
recharging of the neutral con¬ 
denser plates shows that tlie 
induction effect produced by the 
electric field in the dielectric 
persists for a certain time; this 
behaviour is unlike that found in 
the case of metals. Another 
related phenomenon is the reap- 
],)earance of a potential diiference 
some time after a condenser with 
dielectric has been discharged. 

A Leyden jar which has been strongly charged up and then 
discharged by momentary connexion of its plates gives after a, while a 
quite noticeable shock if both plates are touched simultaneously 
{electric after-effect). 

This leads us to the view that charges are induced in the dielectric 
by the influence of the field between the plates (see the remarks at 
fig. 04, p. 57). Since the dielectric does not conduct, i.e. since the 

{1706-90) was the first to connect together a number of jars, the inner covering of the 
one with the outer covering of the next. Franklin also constructed the first con¬ 
denser with separable parts (1749), with the help of which he proved that the glass also 
carried a charge. Wilcke observed (1762) that the one plate of a condenser can be 
removed and discharged, and that it becomes charged again to the same extent as 
before when the condenser is reassembled. He was thus the inventor of the electro- 
phorus; this was modified by Alessandro Volta (1745-1827), wdio used a cake of 
rosin cast in the form of a plate. From the electrophorus Volta developed the con¬ 
denser with separable parts, connecting it directly with the electroscope in 1787. 
In the same year the English clergyman Bennet invented his duplicator, wBich is 
essentially the same as Volta’s condenser. 


Fig, loi.—Principle 

Figs. loi and 102.—Leyden jar 


Fig. 102—Practical 
form of construction 
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particles of electricity (electrons, p. 49) are not capable of free motion 
in tlie dielectric, we mast assume that it is the ^nolecides oj the dielectric 
tvhich are affected hy the field A transference of electricity from one 
molecule to another is not in general possible in insulators. The moU'- 

cules therefore assume pohir ])roper- 
+ ties under the influence of tlie field; 
they become positively charged at 
one end and negatively charged at 
the other {dielectric folarkatioe). 
Such a system, which carries two 
equal and opposite charge's at a 
distance apart wdiich is smafl in 

Figs. 103 and I04.-Diagram of dielectric COmparisOU with tllC extoilt oF tlu' 

polarization by induction field, is Called a dipole. \V(‘ eajl 

thus get a rough pictun^ oF tlu^ 
dielectric molecules as conducting spheres, which become dipoLs 
under the influence of the field (figs. 103 and 104). 

There is another possible kind of dielectric polarization in a, tu'ld, 
namely that which occurs when the positive and. negative (diaiga's in 
the neutral molecules are asymmetrically distributed even bi'Fori' tlu^ 
field is applied. Molecules of this kind are thus pernuinent tlipoh's. 
In absence of the field, however, their random disposition resulting 
from thermal agitation renders the external efleet zero. IJndi'r tlu^ 
influence of the applied field the dipoles orientate themsc'hu'S in sueh 

^ 0 0 O 
0 0 0 
O ^ O 
0 Q O 0 
0 0 Q ® 

0 Q) o Q 

Figs. 105 and io6.—Diagram of the polarization of a dielectric with permanent molecular dipoles 

a manner that their positive ends point towards the negative side of 
the field and their negative ends towards the positive side (figs. 105 
and 106). For the time being we need not differentiate between tlu'st'. 
two possibilities: the result is the same in both. Concerning a, possibh^ 
differentiation, see p. 102. 

Hence the structure of a polarized dielectric may be represi'iited 
dia,grammatically as in figs. 104 and 106. Between the condenser 
plates are chains of dipoles arranged head to tail. 

Definition of Field Strength and Displacement in a Dielectric.— 
In space devoid of matter the field strength or intensity was measured 
by means of the force upon a test charge, and the electric displace- 
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ment by the charge induced per unit of area. We will now inquire 
further into the nature of electric fields in dielectrics, with a view to 
extending the above concept to the case of space filled with matter. 

The displacement associated with the 
charges produces the polarization in the 
dielectric. The result of this is a surface 
charge upon the dielectric, where the 
polarized dipole chains terminate. A cer¬ 
tain fraction of the lines of force are, as 
it w'ere, cut short by these surface charges 
upon the dielectric, which (as is seen from 
fig. 107) neutralize the effect of a corre¬ 
sponding fraction of the charge upon the 
condenser plates. 

The total charge upon the condenser 
plates is called the true charge. The ends 
of the dipole chains upon the surface of the dielectric give rise to 
the so-called apparent charges (see below). That part of the true 
charge upon the condenser plates which is not neutralized by the; 
induced charge on the dielectric is called the free charge. 

Let cr be the surface density of the true charge and cr,, the surfaei^ 
density of the induced (apparent) charge of opposite sign vei'y ntair 



Fig. 107.—Charge in space 
containing matter 
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Fig. 108.—Diagram of the Fig. ioq. —Field lines in a 

measurement of displacement condenser with dielectric 

in a dielectric. 










Fig. 110.—Field lines in a 
condenser with dielectric 


to the condenser plate. Then the surface density o-q of the free charge 
is given by o-^j ~ cr — ( j ^. 

From this it follows that the electric displacement in the field is 
made up of tw^o parts: firstly, that due to the true charge, wdiich acts 
as in a vacuum; and secondly, that due to the polarized dipole chains. 

AVe measure the displacement D, as in space devoid of matter, by 
marking off a plate-shaped space at right angles to the direction of 
the field and observing, by the introduction of a double plate, the 
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magnitude of the density of the lines of force. As can be seen from 
fig. 108, the space under consideration is permeated both by tlie lines 
of force corresponding to the surface charges of the dielectric at its 
boundaries (i.e. the lines of force from the apparent charge), and also 
by the lines of force which pass iminterrupted through the diele(,'tric 
from one condenser jolate to the other. The density of the lines of 
force in the plate-shaped space corresponds, therefore, to tlie sum of 
the apparent and free charges, i.e. to the true charge. 

The true charge is the source of the displacement D. 

From this it follows that Gauss’s theorem is also true for tlu^ lines 
of force, i.e. for the vector D, in space filled icitli matter. 

The field strength or intensity E is found experimentally (p. 97) to 
be reduced by the factor K (dielectric constant) in space filled with 
matter as compared with vacuum, the true charge of the con(lcms(‘r 
plates being the same in both cases; for the length of the ficFl. liinvs 
remains unaltered, but the introduction of the dielectric causi's th(‘. 
potential difference, which is the line-integral of the field strength, to 
diminish to 1/K of its value in space devoid of matter. This is un(!(‘r- 
standable in the light of the considerations put forward abo\'o. dfiiat 
fraction of the lines of force which is cut short by the dipole chains is 
of no effect as far as the electric force inside the dielectric is con¬ 
cerned. 

Only the free charge is the source of the vector E. 

We will consider these results more closely, tahing the exjxainuMit 
represented in fig. 96, p. 83, as example. Fig. 109 shows [the liiu'S of 
force (vector D), fig. 110 the field lines (vector E). The glass ])lat^' is 
imagined to have been lowered half-way down between the condensnr 
plates. 

1. Consider first the upper part of the figures. According to what 
has been said above, the vector D is of the same magnitude l)oth in 
space devoid of matter and in the dielectric. The vector D is un¬ 
affected by the transition from vacuum to dielectric. As is seen from 
fig. 109, the normal component of D (i.e. the component at right angh's 
to the boundary surface) remains unaltered as the lines of force inters(‘ct 
the surface of the dielectric. We may express this by the ecpiatiou 

the subscripts 0 and D referring to vacuum and dielectric respectively, 
and the subscript n denoting the normal component. 

It is otherwise in the case of the field strength. The vector E is 
greater hi space devoid of matter than it is in the dielectric. The mag¬ 
nitude of its normal component changes suddenly at the boundary 
of the dielectric, its value in the dielectric being only 1/K of that in 
vacuum. We have therefore 

Ex)n:Eo^=l:K. 
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A surface density ctb appears, however, upon the boundary surface. To the 
left of the first boundary the field strength is to the right = Eo^/K. 

Eo„ - = (a/K„) - (ao/K„) = a^/Ko- 

The surface density at the boundary is proportional to the difference between the 
magnitudes of the normal components of the field strength on the two sides. 

2. Consider now the boundary surface parallel to the field. Since 
the condenser plates are made of metal, the potential difi'erenee be¬ 
tween them is the same whatever points be chosen. But this potential 
dilference is the line-integral of the field strength: this line-integral 
must therefore have the same value in the vacuum as in the dielectric. 
Hence the average density of field lines must be the same in the bottom 
half of fig. 110 as in the top half, since the distance between the con¬ 
denser plates is everywhere the same. 

In the case when the space between the condenser j^lates and the 
dielectric is very small, the field strength in the lower half (vacuum) 
is exactly the same as in the upper half (dielectric); for then the large 
field strength in the very narrow space betw^een condenser plates and 
the dielectric, being independent of the width of this space, contri¬ 
butes only a negligible amount to the line-integral.* 

Travelling downi the figure midway Ijctw^een the condenser plates, 
the magnitude of the field strength parallel to the boundary surface 
(i.e. the tangential component does not alter as we pass across the 
boundary. The tangential component is therefore continuous: 


It is otherwise in the case of the displacenient. In the lower part, 
wEere there is no apparent charge, the sources of E and D are identical. 
Hence in this part the diagrams of lines of force (fig. 109) and field 
lines (fig. 110) are equivalent. In the upper part, however, the density 
of the lines of force is K times greater than in the lower part (con¬ 
sidering the field to be homogeneous as for E above, see footnote). 
Hence the magnitude of the tangential component of D changes as 
we pass through the boundary surface of the dielectric from the top 
half of the figure to the bottom, the change being represented by the 


We may also express the above results as follows: The external 
electric field may be characterized either by the vector D or by the 
vector E. The former is that characteristic of the external field whose 
normal component extends continuously into the dielectric: the latter 
is that characteristic whose tangential component extends continuously 
into the dielectric. 


* In regarding the field as everywhere homogeneous, we are neglecting the fact 
that the introduction of the dielectric has a deforming effect (p. 93). 
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Boundary between two different Dielectrics.— It is at once clear, 
and may easily be verified by drawing the field lines and lines o oice, 
that the above treatment of the boundary surface vacmum-dielectric 
can be extended to the boundary between two dielectrics of ditterent 
dielectric constants. We obtain 

El, : Eo, - : Ki; Di,: B.j = K, : 

and also Ej^ = Eoi and Di, — Dg,? 

where the subscripts 1 and 2 refer to the two dielectrics. 

Note ,—In the interior of metals we have Emet = 0. Considering the boundary 
between a dielectric and a metal, w'e have therefore E^, : 0 = Ivmet • 
which it follows that metals behave in a static field as though their dielectric 
constant were infinite. From the relation E^^et = 0 it follows iurther that 
Emet 1 = Ej^ = 0. But this is the result, frequently referred to above, that the 
lines of force stand at right angles to the surface of a conductor. 




Fig. III.—Refraction of field lines Fig. 112.—Difference in the directions of 

field strength and displacement in crystals 

Law of the Refraction of Lines of Force. —The lines of force may 
be inclined at any angle to the boundary surface between two insu¬ 
lating media. It follows from the above conditions of continuity that 
the lines of force (and therefore also the field lines, which have the same 
direction as the lines of force) must be refracted. Fig. Ill shows a line 
of force meeting the boundary (to which On is normal) between two 
dielectrics with the dielectric constants and Kg. The lengths 
and DoO represent the magnitudes of the electric displacement in the 
respective media. Calling the angle of incidence and the angle of 
refraction we have 

tan and tan ag = Dgi/Dg,. 

Kow KjDgf = KgDii and therefore 

tan _ K^ 
tan ctg 
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The tangents of the angles of incidence and refraction are in the ratio 
of the dielectric constants. 

Field Strength and Displacement in Crystals. —In certain crystals (e.g. calcite, 
p. 85) the dielectric constant has different values in different directions. In 
such crystals E and D no longer have the same direction. This can he under¬ 
stood easily with the help of fig. 112. Let OD be the direction of the lines 
of force. The component of the field strength or intensity in any direction is 
proportional to the component of the displacement in this direction, the factor of 
proportionality being l/(KKo) (p. 84). We resolve into components in two 
directions in which the dielectric constants are different (K^ and Ko)* com¬ 
ponent of the field strength parallel to the direction 1 is Di/(KiKo), that parallel 
to the direction 2 is D 2 /(E 2 Ro)‘ factors of proportionality are different in 

the different directions. In fig. 112, for example, l/(KiKo) has been made equal 
to 2 and l/(K 2 Ko) equal to 4. The resultant field strength is obtained by vector 
addition of the components. As is seen from the figure, its direction does not 
coincide with that of D, as \¥ould be the case in an isotropic medium in which 
Kj = Ko. 


Deformation of the Field due to Dielectric. —In consequence of tlie 



Fig. 113,—Different dis¬ 
placements in contiguous 
dielectrics. 


Fig. 114.—Sphere of insulat¬ 
ing material in a medium of 
smaller dielectric constant. The 
figure shows field lines. 


Fig. 115. — Sphere of 
insulating material in a 
medium of greater di¬ 
electric constant. 




refraction the magnitude of D is altered. This can be seen at once 
from fig. 113, in which the displacement is greater to the right than 
to the left, although the number of lines of force is the same in both 
cases; for the magnitude of the displacement is determined by the 
number of lines of force passing through unit area of a plane at right 
angles to them. 

On account of the refraction of the lines of force, their density is 
greater, for example, inside a solid sphere than outside, when the 
dielectric constant of the substance of the sphere is greater than that 
of the surrounding medium (fig. 114). The reverse is true (fig. 115) 
when the dielectric constant of the sphere is smaller than that of the 
surrounding medium. 

Simple considerations show that these phenomena, and indeed all 
refraction of the lines of force, are due to the apparent surface charges 
of the bodies concerned. 

Force at the Interface between two Dielectrics. —In a given electric 
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field there is a free charge at the interface between tw'O media of 
different dielectric constant. The surface density Gq of this free charge 
is given by the difference of the surface densities and ag of the 
apparent charges upon the two media at the interface, i.e. ctq = -- o-o. 

When Kj > Kg, cr^ is positive in sign. 



Fig. 116.—Force at the interface 
between two dielectrics. The figure 
shows field lines. Kj (left) > K» 
(right). 


The field exerts a force upon this free 
charge, the direction of which is from 1 to 
2 in the case shown in fig. 116. If the 
direction of the field be reversed, the 
force is still directed from 1 to 2, as can 
best be seen by considering fig. 116 (see 
also below). Since the tangential com¬ 
ponent of the field strength is the same 
in both media, the force has no com¬ 
ponent along the boundary surface, and 
is therefore normal to this surface. The 


magnitude of the free charge at the inter¬ 
face is proportional to the field strength and the force upon unit 
charge is again proportional to the field strength, so that the force 
upon the free charge is proportional to the square of the field strength. 
This accounts at once for the fact that the direction of the force is 
independent of the direction of the field. Summing up, we may say: 

At the boundary of tivo ynedia of different dielectric constants in an 
electric field there is a force acting normal to the interface and directed 
towards the medium of smaller dielectric constant. 


Hence every body embedded in a medium of different dielectric 
constant experiences in a homogeneous field a force of extension or 
compression. This is known as electrostriction.^ When the field is 
not homogeneous, a body of greater dielectric constant than its sur¬ 
roundings will be driven into the region of greater field strength, and 
a body of smaller dielectric constant than its surroundings will be 
driven into the region of lesser field strength. 


These forces of electrostriction can be demonstrated very elegantly by the 
QuiNCKE).—Between the plates of a cLdmser 
neoi-Pd htr 1 ^ immersed in an insulating Hqnid, is an air bubble. It is con- 
Tw!. to a smaU manometer in the manner shown in the figure, 

the indicates a pressure corresponding to 

to a sourlr/3'' condenser is connected 

^ Merence, the pressure immediately increases considerably. 

^ crystals (e.g. tourmaline, pentaerythritol, lithium 

sulphate monohydrate, &c.) have the peculiar property of acquirinc 

f X/waxU or “oded 

in the ofse of with paitioular thoroughness 

of th -h ® ™ tourmaline. Pig. Hg shows a tourmaline crystal. The appearance 
ot the charges can he made visible in the foUowing way. tL crystal is a^ifspended 


* Lat., stringere, to draw tight. f Qr., fire. 
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by a loop of thread in a drying oven and heated to about 120° C. After tem¬ 
perature equilibrium has been attained, the crystal is removed from the oven 
and suspended outside. Then, while it is cooling, a mixture of red lead and 
sulphur powder is allowed to fall upon it out of a bag made of cotton stuff. By 




Fig. 117.—Eloctrostriction in non- 
homogeneous medium 


Fig. 118.—Tourmaline crystal 


friction with tlic cotton the sulphur becomes negatively charged and the red 
lead positively. Thus the sulphur is attracted and held by the positively charged 
parts of the crystal surface and the red lead by the negative^ charged parts. 
The cooling tourmaline crystal becomes covered with red powder at the one end 
(x4), indicating negative surface charge, and with yellow powder at the other 
end (B), indicating positive surface charge. By warming the cold crystal the 
sign of tlu^ electrification is reversed. 

These iffienomena suggest the following hypothesis, which is supported in the 
main by further experiments. The individual volume elements of the tourmaline 
arc electrieally ])()larized in absence of an electric field. On account of the regular 
arrangement of these elements in the crystal this polarization is uniformly directed 
throughout large pieces of the substance. Tourmaline crystals ought, therefore, 
to exhil)it permanent equal and opposite electrification at their ends, just as a 
steel magnet has permanent opposite magnetic poles. The ends of the chains of 
polarized elements form surface layers of apparent charge. But on account of 
the conductivity of the air and the film of moisture on the surface of the crystal 
true cliarges are superimposed upon these surface layers so as to compensate 
them. Hence under normal conditions the surface charges due to the chains of 
polar elements are not observable at constant temperature. When the temper¬ 
ature is altered, however, the polarization also alters and with it the surface 
density of the apparent charge. If the alteration be carried out fairly rapidly, 
the free charges cannot compensate it quickly enough, because the air and the 
film of moisture are poor conductors. The charge upon the surface can then be 
observed. This is the explanation of the experiment described above (but see 
also below). 

Piezo-electricity.*—If pressure be applied to the surface of a crystal belonging 
to a crystal system without centre of symmetry, the surface becomes electrically 
charged (piezo-electricity). This can be demonstrated directly in the case of a 
quartz plate, cut out of a crystal in the manner shown in fig. 119. The plate is 
loaded with several kilograms weight (see fig. 120) and its two sides connected 
to a sensitive electrometer. At the moment when the load is applied the electro¬ 
meter indicates a potential difference (about 5 volts for a pressure of OT 
kg. wt./mm.2); this disappears again after a while owing to the incomplete insu¬ 
lation. 


Gr., piizein, to press. 
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Conversely if a potential difference be applied to the plate, the latter con¬ 
tracts or expands according to the direction of the applied voltage. 

In addition to quartz, these properties are also possessed in marked degree 
by Rochelle salt. 



' f 

r:: -t" 

Y 



Fig. I IQ. —Position of 
a piezoelectric quartz 
plate in a quartz crys¬ 
tal. (The small arrow¬ 
heads show the piezo¬ 
electric direction.) 



Fig. 120.—Demonstration of piezo¬ 
electric charge 


The above results suggest an explanation of the appearance of pyro-electricity 
as due to the elastic forces caused by the thermal expansion of the crystals 
(false p\TO-elcctricity). Recent investigations appear to indicate that about 
of the effect in the case of tourmaline is due to elastic strains accompanying the 
thermal change of volume. 

Piezo-electric effects have recently found an important technical application 
on account of the oscillations which can be produced in pieces of crystal by means 
of rapidly varying fields (quartz oscillator). 


16. The Energy of the Field in Space filled with Matter 


Consider, as on p. 70, a plate condenser filled with a substance 
having the dielectric constant K. According to p. 84 the field strength 
or intensity is E = Q/(AKoK), the potential difference U = Qs/(AKqK), 
the capacity C = AKqKAs* and the displacement D = cr = Q/A. 

The work required to charge the condenser with a quantity of 
electricity Q is W = 4QU — (p. 71). In the present case we 

have, therefore, 


W-i.Q 


Qs Q Q 
* AKqK 2 • ^ 


.As=iDEV, 


where V is the volume between the condenser plates. 

Since the field is confined to the space between the plates, the 
energy density in the field must be 


S= iDE=: iKKoE2. 


Thus we obtain the same relation as that already stated on p. 70 
for space devoid of matter. 

The energy density of an electric field is equal to one half of the 
product of the displacement D and the field strength E at the point 
under consideration. 

This relation therefore holds in all cases. 
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As in tEe treatment of space devoid of matter (p. 70), we will con¬ 
sider two cases in the light of the above result. 

1. Let the charge Q on the insulated condenser plates be constant. 
In the absence of dielectric let the magnitude of the field strength be 
Eq, the displacement Dq = K^Eo, and the energy density Sq = -IKoEo^. 
Now imagine the dielectric to be introduced so as completely to hll 
the condenser. The displacement D remains unaltered, since the 
charges on the plates are constant. The field strength becomes 
E = E^/K. Similarly the potential difference falls to XJ = Uq/K, 
because the distance between the plates is constant, but the field 
strength has been reduced everywhere by the factor K. It follows 
that the new energy density after introduction of the dielectric is 

S = IKKoE^ = i-KoEoVK - SJK. 

When the space occupied by the electric field is filled with a dielectric 
of dielectric constant K, the charges being kept constant, the field strength^ 
potential difference and energy density are all reduced to 1/K of their 
former value. 

Hence, in this case, energy is liberated when the dielectric is introduced. This 
corresponds to the fact that the process of introduction of the dielectric is capable 
of yielding work. According to the discussion given on p. 94 the dielectric is 
attracted into the field, since the field strength outside is smaller (namely, zero) 
than inside. From the relationships given on p. 94 it is possible to prove that 
the diminution of the energy density of the field is quantitatively equivalent to 
the work done in pulling in the dielectric. The details of the calculation cannot, 
however, be given here. 

2. Let the condenser plates be connected with a source of constant 
potential difference, i.e. let U = Uq. 

In this case B = Eq. But D = KKqEo, and the charge also changes 
from Qo to Q == KQo on introduction of the dielectric. For the energy 
density we have 

S-IKKoEo^-KSo. 

When the space occupied by the field is filled with a dielectric of di¬ 
electric constant K, the potential difference being kept constant, the dis¬ 
placement, charge and energy density are all increased to K times their 
former value. 

Although work must be performed in order to increase the energy density of 
the field, the introduction of the dielectric is accompanied by a gain of mechanical 
work even greater than in case 1; for during the process of introduction the 
density of the lines of force continually increases. The work required to bring 
the field into its final state of increased energy density must be provided by 
the source of potential difference to which the plates are connected all the 
time. The final state differs from the initial state in that the quantity of 
charge (K — l)Qo has been brought on to the condenser plates at the potential 
difference Uo- Since Uq is constant throughout, the corresponding work 
of transference is W === (K— l)QoIIo* The total increase in field energy is 
( 35 617 ) ® 
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(K- 1) S„V = (K - 1) SoAs. But SoAs = iQoUo- Therefore (K - 1) So^ = W- 
Thus the increase of the field energy is equal to one half of the work provided 
by the source of potential diSerenoe. The other half is obtained as mechanical 
work duriug the process of introducing the dielectric. 

Bxample .—Consider a Leyden jar of diameter 2r = 10 cm., made of glass 
(K = 6) of thickness s ~ 0'3 cm. and covered with tinfoil to a height A = 20 cm. 
We may regard the field as homogeneous and put the capacity 0 = AKoK/s = 
7rr(r + 2A)KoK/s. Substituting the numerical values, we obtain C = 1-25.10“® 
farad. 

In order to charge up the jar to 30,000 volts the work 

W = = |9.108. 1 . 25 ,10-9 joule = 0-56 joule 

must be performed. Hence the energy density in the glass is S = 2-7 .10“* 
joule/om.8 = 2-7.10* ergs/cm.®. 

Force per Unit Area exerted by the Lines of Force. —The e(juation 
derived on p. 70 can be written in the form 

P = |KoE2A=SA. 


Hence the force of compression or tension per unit area isp= P/A = S. 
This relation also holds for space filled with matter,, as can he proved 
at once by substituting the proper values of E and D. Quite generally, 
therefore: 

The force exerted by the lines of force upon unit area normal to the 
direction of the field is numerically equal to the corresponding energy 
density. 

The advantage of describing the field in a dielectric formally by 
means of the vector D is clearly apparent in this formulation. We 
are enabled stiU to represent the field by means of lines of force having 
their ends only upon true charges, and to regard the medium as per¬ 
fectly continuous, without taking account of its polarization in detail. 
Gauss’s theorem holds, as in space devoid of matter, for the vector D; 
it takes account only of the true charges within the closed surface 
(p. 68). It must be borne in mind, however (see above), that: 

For a given distribution of charge the tension along the lines of force 
and the lateral repulsion between them are reduced, in a medium of dielec¬ 
tric constant E, to 1 /E of their values in a vamum. 

In the dielectric, therefore. Coulomb’s law becomes (cf. p. 16) 


Q1Q2 


47rEEo‘ 


10’ dynes. 
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17- Molecular Processes in the Dielectric.^ The Electrical 
Structure of Matter 


The description, of the behaviour of dielectrics by means of the dielectric 
constant is purely formal in character. It takes no account of the details of the 
elenaentary processes in the medium which cause the alteration of the field. 
Based as it is upon considerations of force effects and charge variations in regions 
which are very large in comparison with molecular dimensions, it conveys very 
little direct infornQation as to what properties of matter are concerned. 

We made the first step towards discovering the molecular mechanism of 
dielectric effects when we'introduced the hypothesis of dielectric polarization. 
This involved the quite new recognition of the presence of electrical charges 
tmt/mi the molecules. We will now take up in more detail the question of the 
effects of the molecular structure of matter upon the electric field, i.e. the 
quantitative treatment of the molecular processes underlying the dielectric 
constant. 

Polarization.—The magnitude of the displacement in the disc-shaped space 
considered on p. 89 w^as made up of two terms, the displacement due to the 
free charge and that due to the apparent charge. The part due to the free charge 
of surface density oq is KqE. The surface density od of the layer of apparent 
charge produced by the polarization of the molecules gives rise to a displacement 
which we will call the polarization and designate by I. The polarization is a vector, 
being associated with a direction coinciding (in non-crystalline material) with 
the field'direction. Its magnitude I corresponds to the surface density or> upon 
a surface at right angles to I. Hence we have 


B = KqE -f- I. 


It is possible, however, to obtain a measure of I 
in another way. The effect of a dipole at a distance 
depends upon the product of the magnitude Q and 
distance apart I of its two charges. Eor the farther 
the charges are apart, the greater the preponderance 
at any point (excepting in the plane of symmetry, 
where the actions of the charges are equal) of the 
influence of the nearer pole upon a test charge, the 
opposite influence of the other pole decreasing as the 
distance between the poles is increased. The product 
Q1 = which determines the field of the dipole is 
called its electric moment. It is a vector, since the 
factor 1 is associated with a direction (direction of the 
line from the negative pole to the positive pole) as 
w^ell as a magnitude. 

Field of a Dipole.—Consider a point A (fig. 121) at distances and re¬ 
spectively from the poles 0 and B of the dipole. The potential at A is 



V = 5 ^ 

^1 ^2 


Let distance of A from the middle point of BC he r. Further, let AD = AC == fj. 

*The first attempts at a quantitative treatment of the individual molecular 
processes in a dielectric were made by Clausius. The modern theory, the fundamental 
principles of which are given in this paragraph, has been built up chiefly by Debye. 
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Then when r is -very great compared with BO = I, the triangle BTC has 
practically a right angle at T. In this case 

cosTBC = BT/BO = - fOA- 

Also the angle TBC becomes equal to 9 (see figure). We have therefore 
■\r __ cos 9 _ Wg cos 9 

V--- — f 

putting = ^2 ~ r and substituting for the product Q?. The magnitude of the 
field strength in the direction of r (9 = constant) is 

T? ^ cos 9 \ _ 2 mg cos 9 

^ dr\ ) J .3 * 


Keeping r constant, the point A moves by an amount r £^9 when 9 changes by c? 9 . 
Hence the magnitude E(^ of the field strength in the direction perpendicular to 
r (r = const.) in which 9 increases is 


rdo 


The magnitude of the resultant field strength of the dipole is therefore 

E = V 1:1.;,- - ■ =5 V4 008^9 -{- sin^^p = ^ VS 008^9 1. 




Fig. 122. — Turning 
moment acting upon, a 
dipole in a homogeneous 
field. 


In a homogeneous field a dipole experiences a turning 
moment which rotates it until the line joining its positive 
pole to its negative pole lies along a line of force but in 
the opposite sense {see fig. 122). The force acting upon 
each pole is iP = iQE. If 9 is the angle between the 
line joining the charges and the lines of force of the 
field, the magnitude of the turning moment of the couple is 

R = m^E sin 9 . 

In the case of a chain of several dipoles placed parallel to 
one another and head to tail, the total turning moment is 
the sum of the individual moments (VoL I, p. 114). 

Imagina a cube of 1 cm. edge to be cut out of the homogeneous field in such 
a way that two of its faces are at right angles to the lines of force. These faces 
are covered with charges A charge +dQ on the one face corresponds to a charge 
of — rfQ on the other. The moment of the pair is = dQ . 1 == dQ. 

The magnitude of the total moment of the cube is therefore SdQ =:= Q But 
Q IS the surface density due to the end^ of the polarized chains of dipoles, 
ana is therefore equal to I, the polarization. 

The magnitude of I is thus equal to the nmgnitude of the electric moment mr 
unit volume, ^ 

Hence the electric moment of a volume element of the dielectric is 

of Polarization upon Pidd Strength.-Tho polarization I of the 
dielectric IS :^oportional withm wide limits to the field strength E at the point 
considered. We may therefore put I = eE. ^ 

Hence we have (as to see pp. 66 , 82) 


D = E(Ko + e) = 4- KoE. 
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But D = KK(,E. Therefore the dielectric constant K and the polarization I are 
connected by the equation 


— I ~ = 1 + 
i^o 


jL i 

Ko E' 


Prom this we can calculate the density of the surface charge of the dielectric. 
The free charge density is <To = KqE; the apparent charge density is I = tE; 

the total charge density isc=D=^l + ^^ KjE. We can therefore OTite 
I=(K—l)KoE=?^^ D. 

Internal Field.—The field strength E at a point of the dielectric may be 
defined as the force exerted upon a unit point charge situated in a narrow tube¬ 
shaped space free of matter in the interior of the medium^ the direction of the 
tube coinciding with that of the field. The field strength acting upon a molecule 
within the dielectric will be different from this, because of the additional influence 
of the surrounding charges of the polarized molecules. This latter is called the 
“ internal ” field strength F. 

In order to calculate E we _^ __ 

proceed as follows: Around the £ 

molecules under consideration we 
draw a sphere (fig. 123), whose 
radius is great in comparison with 
the distances between the molecules, 
but still small in comparison with 4“ 
the extent of the external field. 

The other molecules within the 
sphere can be regarded as without 
effect when the external field is 
present, provided that they have 
no action when the field is absent. 

This is true, for example, for all 
gases, for a number of crystals and 
for many liquids. It is not true, on the contrary, for substances whose 
molecules normally group themselves together (i.e. associate). We shall 
leave all such substances out of account. With this reservation, the 
particular molecule we are considering is acted upon by the field strength E, 
and in addition by the forces arising from the surface charges of the sphere.* 
The field strength arising from these charges is Jctd/Ko» JI/I^o same 

direction as E. (The derivation of this cannot be given here.) Thus for the internal 
field strength we have 

F=E-HiI/Ko. 



Polarization hy Induction .—^We will first consider the molecule to be a con¬ 
ducting sphere. Under normal conditions, therefore, the substance has no molecular 
dipoles. Under the influence of a field, however, there is a displacement of 
charge (figs. 103 and 104, p. 88). The dipole moment of the resulting dipole 
can be put proportional to the field strength prodiicing it: aF. The factor 

a is called the polarizability of the molecule. If n is the mimher of molecules 

* In defining E above we eliminated the effect of these surface charges by means 
of the narrow tubular shape of the vacuous space enclosing the unit point charge. 
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in 1 cm.® (i.e. a measure of the density), then the total moment per 1 cm.® is 
jiWg. But this is the polarization I. Hence we have 

I = 7im^ = nccB — Ma . 

But also B = KqE + I. 


Substituting in the first eq^uation the value of I obtained from the second, and 
also putting I> = KKo^j we obtain 


K- 1 
K-f2 



(CLAtrsius-MossOTTi equation.) 

In this form the equation expresses the dependence of the dielectric constant 
upon the density for a substance with the polarizability cc. The polarizability a 
is a constant, because it is an experimental result that the dielectric constant 
is independent of the field strength within very wide limits. 

We will now transform the equation. According to Vol. I, p. 53, we have 
nM/p = ]Sr, w^here M is the molecular weight, p the density, M/p the molar 
volume and N the Loschmidt number. (H = 6*06.10^®.) Hence we can write 


H - 1 M 

K + 2* p 



P. 


The quantity P is called the molecular polarization. According to the above 
derivation it signifies the polarization of a volume containing one gramme- 
molecule of the substance when the internal field strength is unity. It is an 
important molecular constant of fundamental significance for the treatment 
of the electrical properties of molecules. Considering the molecules to be conduct¬ 
ing spheres (see above), it is possible to calculate a. We cannot go into the details 
of the calculation, but will simply state the result that for a conducting sphere 
of radius r the electric dipole moment in a field of strength E is mg=4Tcr^KoE. 
Thus in the field of strength E the dipole moment of a molecule would be 
aF = 4iTr®KoF, where r is the radius of the molecule. Hence a = ^■Kr^'K.Q. 
Substituting this in the expression for P above, we have P = |N7Tr® = i-e. P 
is numerically equal to the total volume Um of the molecules contained in a gramme- 
molecule. 

Since P can be calculated from the dielectric constant, a possibility is provided 
of testing the assumption that the molecules behave as if they were conducting 
spheres. It is found that P and * are in good agreement for a large number 
of non-associating substances (especially gases and vapours). Examples of 
such substances are hydrogen, argon, ethylene, pentane (Table II, p. 104). Thus 
the electric behaviour of these substances can be accounted for very well by 
considering them to be made up of conducting spheres of the volume of the 
molecules. 

Certain other gases, however, have quite different (actually, considerably 
greater) values for P. Examples of this class are ammonia, water, hydrogen 
sulphide. Now it is found that it is just these substances which show a marked 
variation of molecular polarization with change of temperature. In the above 
treatment, however, no mention was made of the temperature; and indeed 
those substances whose molecular volume is equal to P show no variation 
of polarization with temperature (see also fig. 124). There must, therefore, be a 
qmte different phenomenon associated with the polarization of the molecules 
with abnormal behaviour. We proceed now to consider this. 

* Vm be determined, for example, from the constant 6 of the van der Waals 
equation = J^) (Vol. II, p. 91). 
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Polarization hy Orientation .—^We will turn our attention to the second case 
mentioned above, namely the orientation, by the field, of the molecular dipoles * 
already existing before the field was present. In this case each molecule of the 
substance possesses an inherent electric dipole moment in absence of the field. 
Such molecules are said to be polar. The orientation of the dipoles caused by 
the field is continually being disturbed by thermal agitation. If at a certain 
instant the electric moment is inclined at an angle cp to the direction of the field, 
its component in the direction of the field is cos cp. 

The number of molecules in 1 cm.® being n, the electric moment per unit 
volume is therefore I = pgS cos cp. In absence of the field this sum vanishes for 

gases and liquids (which we alone consider here). In presence of the field we have 
to take account on the one hand of the directing force of the field, on the other 
hand of the disturbing efiect of thermal agitation. We will not go into the details 
of this calculation, which was first carried out by Langevik. For field strengths 
which are not too great and for temperatures which are not too low, it gives the 
mean value 

i ooscp = 


where T is the absolute temperature and k the Boltzmann constant (Vol. II, p. 60). 
Hence the polarization is 


3ibT 


= nm^, 


where represents the mean component electric dipole moment of a molecule 
in the direction of the field. Hence 


The result of the discussion is, 
therefore, that the polarization 
is still proportional to the field 
strength (compare p. 100) when 
the molecules have permanent 
dipole moments. 

In addition to being orien¬ 
tated, the polar molecules are 
also deformed by the electric 
field. Hence the general expres¬ 
sion for the mean component 
electric moment of a molecule 
in the direction of the field is 




Fig. 124.—^Dependence of molecular polarization of 
some substances upon the temperature 


Similarly, the polarization is given in general by 



Fig. 124 shows graphically the behaviour of some simple carbon compounds. 

* The distribution of the charges may also be more complicated than that corre¬ 
sponding to a dipole. We cannot, however, go into this further here. 
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In the case of substances with symmetrical molecules, as for example methane 
and carbon tetrachloride, the molecular polarization is independent of the 
temperature. In absence of an external field they therefore possess no electric 
dipole moment. The centres of the positive and negative charges are coincident, 
as is to be expected from the chemical formulae of these compounds and the 
tetrahedral symmetiy of the carbon atom. The substances of unsymmetrical 
structure, e.g. CHCI3, CH2CI2 and CH3CI, show, on the contrary, a permanent 
polarity. The agreement of the theory with the experimental results is seen from 
the figure to be very good. The change of polarization is proportional to 1 /T, as 
demanded by the above theoretical investigation. 

Thus it is possible to obtain far-reaching information about the electrical 
structure of matter from measurements of dielectric constants under different 
conditions. 

Conclusions as to the Electrical Structure of Matter.—The permanent electric 
dipole moments of a large number of substances have actually been determined. 

Table II* 

Peemanent Electeic Dipole Moments of Free Molecules 


Substance 

Formula 

1^6 

Coulomb . 
cm. . 10“27 

Elementary 
Charge . 
cm. . 10“8 

C.G.S. . 
10--18 

1 - 8 -dinitronaphthalene 

C,„Ee(NO,), 

2-4 

1*5 

7*1 

o-dinitrobenzene 

CsH,(NO ,)2 

2-0 

1-3 

6*0 

m-dinitrobenzene 

0eH4(N02)2 

1-3 

0*8 

3*8 

p-dmitrohenzene 

CeH,(NO ,)2 

0 

0 

0 

Benzaldehyde 

CeHsCHO 

0*93 

0-59 

2*8 

Acetone 

CHg . CO . CH 3 

0-90 

0-66 

2*7 

Water .. 

HoO 

0-60 

0*38 

1*8 

Sulphur dioxide 

so. 

0*57 

0-36 

1*7 

Ethyl alcohol .. .. 

C^HsOH 

0-57 

0-36 

1*7 

Ammonia 

NH, 

0-50 

0*31 

1*5 

Ethyl ether .. 

C 2 H 5 . 0 . C 2 H 5 

0*40 

0*25 

1-2 

Iodine .. 

I 2 

0*40 

0*25 

1*2 

Hydrogen iodide 

HI 

0*13 

! 0-08 

0*4 

Carbon monoxide 

CO 

0*03 

0*02 

0*1 

Carbon dioxide 

CO, 

0 

0 

0 

Stannic iodide 

Snii 

0 

0 

0 

Benzene 

CsHe 

0 

0 

0 

Nitrogen 

Na 

0 

0 I 

0 

Hydrogen 


0 

0 

0 


Table II gives a small selection. A knowledge of them permits us to draw certain 
conclusions as to the special arrangement of the atoms in the molecules, e.g. 
as to the shape of the molecule of water HgO or of ammonia NH 3 . The table 
shows that the value of pg is about 1 . coulomb. cm. for substances of 
simple structure. Since the diameter of these molecules is about cm., we 
shall not go far wrong in assuming that the distance I between the positive and 
negative charges is of this order of magnitude. Making use of the equation 

* Since /Xg is usuaHy expressed in the literature in C.G.S. (electrostatic) units, 
these values are also included in the table. 
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[Xq = Ql we obtaia a value of Q about 10-^^ coulomb, i.e. exactly the order of 
magnitude of the electronic elementary charge, which we found (p. 51) to be 
1*59.10“^^ coulomb. 

!Prom this we deduce the following important result: 

The electric charges of material molecules are elementary charges. The number 
of elementary charges per molecule affected ly external fields is not large. 

18. Methods of Electrification 

Double Layers on Boundary Surfaces.—The behaviour of matter 
in an electric field indicates very clearly that electricity plays a funda¬ 
mental part in the structure of matter and that the electrical properties 
of matter must be intimately related to the other properties. We 
have already become acquainted above with some of the properties- 
of molecules (or atoms) underlying the electrical phenomena. In a 
later volume (Vol. V) additional experimental evidence will be 
brought forward, and the theory will then be developed further. 

We are already in a position, however, to consider in greater detail 
the processes underlying '' electrification 

The fundamental phenomenon is as follows: 

When a body is brought into contact with another body composed 
of a different material, the two bodies become oppositely electrified. 

In the case of insulators the following relation, discovered by 
CoEHN, appears to be very generally true. 

The substance with the greater dielectric constant becomes positively 
electrified. 

This can be demonstrated by dipping into water a number of 
balls made of substances which are not wetted ” by water."^ The 
balls must be carried upon good insulating handles. After being with¬ 
drawn from the water they are found to be negatively electrified. 
(Water has a greater dielectric constant than any other substance.) 
The charge can easily be detected in a sensitive cup electrometer. 
The positive charge of the water can also be demonstrated by placing 
the vessel containing the water within the cup of the electrometer. 
(This experiment is due to Pohl.) In this case the electrometer shows 
no deflection at first, and still remains undeflected when the ball is 
dipped into the water. As soon, however, as the ball is withdrawn 
from, the water and removed out of the cup, the electrometer shows 
a deflection corresponding to a positive charge. If the ball is then 
brought back into the cup but without touching the water, the 
deflection disappears. The two charges (on water and ball respectively) 
are therefore equal and opposite. If finally the ball be dipped into 
the water again, there is no change; the electrometer remains un¬ 
deflected. 

* It is convenient to employ glass balls which have been previously coatetl by 
being dipped into a melted sample of the substance to be tested (e.g. paraffin waX;,. 
shellac). „ 
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According to a hypotliesis first put forward by Helmholtz, it 
is to be assumed tLat the opposite surface charges are still separated 
when the ball is in the water. Such a field of molecular dimensions, 
produced and maintained by the inherent electrical forces of the 
matter, is called an electrical double layer* The experiments to be 
discussed below show that the existence of such double layers can 
be demonstrated; at the same time they give us information as to 
the site of the double layers. 

Waterfall and Thunderstorm Electrification.— No double layer is 
formed at the interface between water and air. If jets of water are 
allowed to pass through the air, no electrification occurs (Lekaed). 

On the contrary, small droplets of diameter less than about 10“^ cm. 
prove to be negatively charged when detached from the water surface. 
Such a breaking up of the surface occurs during the bubbling of gases 



Fig. 133.—Electrification of water drops on being blown to pieces. (Lenard and Hoch- 
schwender). [From Annalen der Physik , Vol. 65, 1931, published by J. A. Barth, Leip2ig.] 


through water or when water drops are blown to pieces by a very 
variable air current. 

As Lexabd and Hochschwendee were able to show, raindrops 
are blown to pieces by an ascending air current of variable strength 
in the manner illustrated in fig. 125. After being blown out into the 
shape of a hat, the drops break up, forming a fine mist consisting partly 
of very small droplets derived from the surface and partly of drops 
•of somewhat larger dimensions. The very small droplets, which are 
negatively electrffied, are carried upwards by the ascending air current, 
while the larger drops sink. In this way the charges are separated 
and the lines of force elongated enormously, thus giving rise to corre¬ 
spondingly great potential difierences. 

In all probability it is processes of this kind that produce the 
potential difierences of millions of volts which occur in thunder¬ 
storms. It is indeed often possible, by illuminating the rain with a 
pocket lamp, to recognize quite clearly the simultaneous presence 
of very fine mist and larger drops of water during a thunderstorm at 
night. 

The water drops of waterfalls are also broken up in a similar manner. 
Gonseq^iiently the neighbouring air is found to be electrically charged. 

It is probable that solids also have double layers at their surfaces; 
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for electrification may also be found in the case of very fine particles 
removed from tbe surface, Volta observed that an electroscope be¬ 
comes cbarged wben tlie particles scraped off from sugar are allowed to 
fall upon its plate. Wben tbe charges are separated to large distances, 
very bigb potential differences may be produced. This is tbe reason 
wby organic dust (e.g. sugar, flour, coal dust) often explodes: tbe 
surface charges are separated by tbe swirling of tbe dust, and in this 
way such great differences of potential are produced that a spark is 
formed. On dark cold nights Mgb up in tbe mountains tbe discharges 
of tbe ice dust from certain kinds of avalanches can actually be 
observed. 

According to Lenabd, this is to be explained as follows. At the 
surface of a solid or liquid tbe molecules are subject to special forces. 
We have already become acquainted in Vol. I, p. 294, with tbe effect 
of these forces in producing surface tension. Another of their effects 
is that tbe molecules in tbe surface layers have in general quite definite 
orientations. As we have seen on p. 103, tbe (neutral) molecules of 
many liquids are polar in character, i,e. tbe “ centres of gravity ” 
of their equal positive and negative charges do not coincide. Water 
is a particularly good example of this kind of liquid. Tbe orientation 
of the surface molecules is associated, therefore, with an orientation 
of tbe dipoles, which produces an electric field at the surface. Tbe 
electrical double layer, whose thickness is approximately equal to the 
radius of the molecular sphere of action (Vol. I, p. 262), is so con¬ 
stituted that the negative charges are situated on the outside, while 
the positive parts (which are principally associated with mass, see 
p. 345) are drawn rather into the interior of the liquid. 

Tims on the surface of every liquid there is an electrical double layer 
with its negative side towards the exterior of the liquid. 

As is shown by the above experiments, electrical double layers of 
this kind are also present in the case of solids. 

In materials of higher dielectric constant the attraction between 
the opposite charges of the double layer is smaller than in materials 
of smaller dielectric constant; for the higher the dielectric constant, 
the smaller the field strength. Hence if two substances of different 
dielectric constant are brought into contact and then separated again, 
the substance of smaller dielectric constant is able to remove with it 
the negative elementary charges (i.e. the electrons), since these can 
exist free from matter. For this to happen, it is obvious that 
the contact must be very intimate; the molecules of the one body 
must approach about as close to the negative charges of the other 
body’s surface layer as the molecules of the other body themselves, 
i.e. to approximately cm. 

The production of electricity by friction ” probably depends 
only upon the fact that the rubbing together of the substances makes 
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their contact so intimate that the transference of_ electricity from 
the one to the other becomes possible. The rubbing itself has nothing 
to do with the process of electrification; the electricity is not “ pro¬ 
duced but a separation of the charges occurs by virtue of the forces 
inherent in the matter. As the bodies are separated after rubbing 
or contact, the lines of force, whose initial length in the double layer 
is about 10“^ to 10"® cm., are drawn out to an enormous extent. 
Consequently the potential difference is correspondingly increased 
(p. 39) and may (see, for example, the formula for the capacity of a 
spherical condenser on p. 75) reach very large values. 

The production of electricity hy contact^’ {i.e, friction, induction, 
galvanic cells) involves nothing but an elongation of molecular lines of 
force. 

Electrokinetic Phenomena.—^When a solid particle moves through 
a liquid, it generally carries the surrounding skin of liquid along 
with it (Vol. I, p. 264). Hence, in consequence of the double layer 
with its positive side as a rule towards the interior of the liquid, the 
particle is always accompanied by a charged envelope, usually of 
negative sign. 

The electrification of particles in liquids plays an extremely important part 
in nature. The normal course of life processes is probably dependent to a large 
extent upon the nature of the charges upon the particles present in the body 
fluids. The stability of colloidal solutions (Vol. I, p. 334) is due to this cause; 
some have positively charged and some negatively charged particles. 



Fig. 126 
Cataphoresis 


Cataphoresis .'^—The electrification 
of small particles can be very easily 
demonstrated by suspending some 
fine, well washed clay or washed 
peat fibres in water and bringing the 
suspension into an electric field (fig. 
126). After the liquid has come to 
rest, it can be seen with a strong 
magnifying glass that the particles 
move upwards against gravity to 
the anode. Reversal of the field 
causes reversal of the direction of 



Fig. 127.—Potential 
difference due to flow 


motion of the particles. 

Eled,To-osmosis.—li the particles be held at rest, the oppositely 
charged liquid is set in motion. Thus, for example, water is driven 
out of damp peat when the latter is placed between two wire gauzes 
and an E.M.F. is applied. This method is employed on a large scale 
for the removal of water from peat (electro-osmotic process of Count 
Schwebin). 


* Gr., hxta, along; ^horos, carrying. 
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Potential Difference dm to Flow (Quincke, 1859)—A liquid becomes 
appreciably charged when pressed through a finely porous, somewhat 
conducting substance, especially if the charges accumulating upon 
this substance can be removed (fig. 127). 

Double Layer Metal-Insulator.— Electrical double layers are also 
formed between a metal and an insulator. For example, when a ball 
of sulphur is dipped into mercury, the surface of which is very clean, 
a mutual electrification occurs. Since metals give up their electrons 
with relative ease, they always become positively charged in such 
processes (see also p. 40). 


In the case of steam flowing out of a metal container, a potential diflerence 
■can also be detected between the container and the water droplets which are 
carried along in the vapour. They come into contact with the wall of the outlet 
tube, their surfaces with the 


negative charge remain partly 
adhering there, and the re¬ 
mainder is carried along in the 
steam current. Faraday actu¬ 
ally constructed a steam elec¬ 
trical machine on this principle.’’- 
Its mode of action can be seen 
from fig. 128. 

Electrification effects of this 
kind can be observed very well 
during the emptying of a car¬ 
bon dioxide cylinder into a bag, 
as in the production of solid 
carbon dioxide. As a result of 



Fig. 128.—Principle of Faraday’s steam electrical machine 

(A) Steam generator. (B) Box with cold water running 
through it to condense a part of the vapour. (C) Exit nozzle. 
(b) Enlarged diagram of exit nozzle. 


the good insulation at the low temperature (absence of films of moisture) sparks 
several centimetres in length may be seen to pass between the bag and the 
surroundings, which are in conducting connexion with the cylinder. 

The electrification of benzene flowing through a metal tube may often become 
so great as to be dangerous. The same is true of dust particles which are carried 
along by the hydrogen used to fill airships. Several large airships have been 
destroyed by fires started in this way. 


Contact Difference of Potential between Metals. —Contact potential 
differences also occur between metals. It is not so easy, however, 
to demonstrate the charges in this case as it is in the case of insulators, 
because metals cannot be separated from one another so uniformly. 
Although a portion of the surfaces has already been moved relatively 
far apaii} (compared with the contact distance of 10~® cm.), a small 
elevation may still cause a conducting connexion between the metals, 
so that in spite of the relatively great separation of the surfaces only 
the potential difference (of the order of 1 volt) corresponding to the 
small region of contact is obtained. Hence whereas in the case of 

* The electrification of steam during efflux was discovered by chance in 1840 by 
a workman at Newcastle. He noticed that he could draw sparks from a boiler with 
his hand by holding his other hand in the escaping steam. Faraday recognized the 
phenomenon underlying this. 
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insulators potential differences of 10,000 volts can readily be obtained 
by extension of tbe lines of force, it is bardly possible to exceed 100 
volts 'witb metals, and then only by employing suitable artifices 
(p. 39). 

The potential difference of direct contact can be measured with 
the help of a calibrated electrometer. It is found to be about 1 volt. 
Since contact means an approach to a distance approximately equal 
to molecular dimensions, i.e. 10"® cm. (Vol. I, p. 260), the corresponding 
field strength is of the order of magnitude of 10® volts/cm. The pro¬ 
duction of a contact potential difference must be imagined as due to 
a passage of negative elementary charges (electrons, p. 360) from 
the one metal to the other, until a certain potential difference (de¬ 
pendent upon the particular metal and hence a material constant) 
is reached. Concernmg the cause of this transition see p. 366. 

We cannot discuss how the process depends upon material con¬ 
stitution until we have learned more about the structure of metals 
(Vol. V). 

The values given above are for metals in ordinary (i.e. moist) air, 
in which case a film of moisture must be assumed to be present upon 
the metal surfaces. When the metals are very thoroughly dried the 
potential difference becomes much smaller. The values of the contact 
differences of potential between perfectly pure and dry metals are 
not yet known accurately, because they are very much affected by 
adsorbed gases and other surface layers. They appear, however, to 
be of the order of magnitude of a few tenths of a volt. 

Double Layer Metal-Liauid.—The 
influence of moisture indicates that 
electrical double layers must also 
exist between metals and liquids. 
These double layers underlie the action 
of the galvanic cells described on p. 
40 et seq. As will be discussed in 
detail later (p. 280), the double layer 
is dependent to a large extent upon 
the composition of the liquid. The 
simplest case is that of a metal 
dipping into a solution of one of its salts. It becomes positively or 
negatively charged relative to the solution, according to its position 
in the electromotive series. Fig. 129 is a diagram of a Daniell cell. Con¬ 
cerning the magnitude of the potential difference of the double layer 
and for further details see p. 279 et- seq. 
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Fig. 129.—Diagram of the electrical 
double layers in a Daniell cell 




CHAPTER II 


The Magnetic State of the Ether 

1. Fundamental Phenomena of Magnetism 

In addition to the electrical state, the ether may assume another 
state, namely the magnetic state. 

Certain naturally occurring substances (e.g. magnetite EegOj, 
magnetic pyrites dFeS.FejSg) possess the property of attracting 
neighbouring particles of iron over considerable distances. Such 
bodies are called magnets. If a steel rod be stroked with such a 
natural magnet, it also assumes the property of attracting particles 












Fig. I. —The attraction exerted by a bar magnet is greatest near its ends 


of iron. In what follows we shall perform our experiments exclusively 
with such magnetized steel rods (so-called har magnets.) 

“ Magnetic ” action is independent of the presence of air and 
occurs also in a vacuum. Hence magnetism is a state of space devoid 
of matter, i.e. a state of the ether. 

A magnet is thus surrounded by a magnetic field of force, xis in 
the case of an electric field, we will characterize this magnetic field 
by the magnitude and direction of the force acting at each point. 

We can at once say something about the form of the magnetic 
field of a magnetized steel bar. Such a bar attracts iron filings chiefly 
at its two ends, showing only weak magnetic action in the middle 
(see fig. 1). The field is therefore stronger near the ends than near 
the middle of the bar. 

In order to define the sense of a magnetic field of known direction, 
we proceed as follows. We hang up a bar magnet (which for reasons 
which will become clear later should be as long as possible) so that 
it can turn freely, and bring up another close to it (as in fig. 2). 
We observe that the two ends of the magnets have difierent properties. 
Confining our attention to one end only of the suspended magnet, 
we find that there is attraction or repulsion at that end according as 
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we bring tbe one or otber end of tlie otEer magnet towards it. Similarly 
one and tEe same end of the magnet whicE we Eold in onr Eand exerts 
opposite forces upon tEe two ends of tEe suspended magnet. EacE bar 
tEus exEibits a polar cEaracter, its two ends Eaving opposite magnetic 
properties. TEe two most intense regions^ of tEe field are oppositely 
directed, tEe force being towards tEe bar in one case and away from 
it in tEe other. 

We can also observe this in the case of a single bar magnet. We 
suspend it freely from its middle point and observe that it takes up 
•a nortE-soutE direction, to wEicE it returns after a few swings when 



Fig. 2.—^Attraction and repulsion by bar magnets 


disturbed. Moreover by colouring one end of the bar red or by marking 
it in some otEer way, we can see tEat it is always one and tEe same 
end that points towards the north. Since an unmagnetized bar does 
not exhibit this behaviour, we must assume that there is a magnetic 
Jield offeree at the eart¥s surface, running approximately north-south. 

TEe magnetic properties associated with the end of a bar magnet 
which points to the north are said to be due to the north polarity 
of this end. TEe other end is said to exhibit south polarity. As re¬ 
marked above, the magnetic attractions and repulsions are confined 
more or less to certain regions of the bar; these regions are therefore 
called poles. TEus we speak of the north pole and the south pole of a 
magnet. 

By bringing up towards a freely suspended bar magnet another 
bar magnet whose north and south poles have been previously de¬ 
termined by hanging it up freely and noting which end points to the 
north, we obtain the fundamental law of magnetic action: 

Like poles repel one another; unlike poles attract one another. 

Two equal bars, magnetized to the same degree, show no magnetic 
action when placed one upon the other with opposite poles together. 
Hence north polarity and south polarity behave as quantities of 
opposite sign, just like positive and negative electric charges. 

When brought near to the pole of a magnet,* a piece of soft iron 
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or steel itself becomes a magnet and able to attract and bold fast 
other pieces of iron. The end nearer to the pole of the original magnet 
becomes magnetized oppositely from that pole. The reverse is true of 
the end farther from the pole of the original magnet {magnetic in¬ 
duction), After removal from the influence of the inducing pole the 
soft iron loses its magnetism almost completely, but the steel remains 
magnetized (permanent magnetism). 

2. Magnetic Lines of Force 

We are now in a position to trace out the directions of the magnetic 
forces, just as we did in the case of an electric field. 

The direction and sense of a magnetic field at any point can be 
most easily determined with the help of a small bar magnet (magnetic 
needle). 

The direction of a magnetic field at any point is the direction taken 
np hy a magnetic needle subject to no other forces. 

Kepresentation of the Field.—^The investigation of the whole space 
around a magnet by the above method shows that the needle takes 
up a perfectly definite direction at every point of the 
field. The needle must be mounted (as in fig. 3) so as 
to be able to turn in all directions. The positions of the 
needle in the field are tangential to a system of curved 
lines running from the region of the north pole to that of 
the south pole. 

A more convenient method is to use iron filings. As stated 
above, each particle becomes a small magnet when placed in 
the field, and .two particles lying end to end have opposite poles pig. 3.—Mag- 

together. Hence, owing to the attraction between these poles, the netic needle 
particles become joined together into rows, the whole system 
possessing a certain rigidity. Sass^Si^gany 

In order to do away as far as possible with the influence of direction, 
gravity, which hinders the free arrangement of the filings, we lay 
the magnet horizontally upon the table, cover it with a sheet of stiff (not too 
smooth) paper, and sprinkle the iron filings upon the paper. We then disturb the 
paper a little by tapping it with a non-magnetio object, whereupon the particles 
of iron rotate and move slightly, arranging themselves into lines. These lines join 
the one end N of the bar magnet to the other end S in curves as shown in fig. 4 
(see also fig. 11, p. 116). 

Figs. 5 and 6 show the nature of the magnetic lines of force 
between two unlike and two like poles respectively. We see that 
they are essentially the same as the diagrams representing the lines 
of force between unlike and like electric charges (figs. 9 and 10, pp. 
10 and 11). It remains now to fix the sense of the magnetic lines of 
force. It has been decided to define the positive sense as that from 
the south pole towards the north pole of a small fceely suspended 
magnetic needle situated at the point considered. From this definition 
it follows that: 

( 11617 ) 
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The lines of force begin at the north pole of a bar magnet and end 
upon the south pole. 

Tims the magnetic state of the ether can be represented by lines of 
force, just as in the case of the electrical state. It is found, indeed. 



Fig. 4.—^Diagram, of the lines of force in the case of a bar magnet 


that the same fictitious ” elastic properties can be ascribed to the 
statical magnetic lines of force as to the electrical lines of force (p. 21), 
namely, a tension in the direction of the lines and a lateral repulsion at 
right angles to them. Thus the attraction in fig. 5 is due chiefly to 



Fig. s.—^Field between two imlihe magnetic poles 


the tension of the lines of force; the repulsion in fig. 6 results in 
the main from the lateral pressure or repulsion. These similarities be- 
tween the two kinds of field justify the treatment of the magnetic 
field in terms of concepts corresponding to those used for the electrio 
field. In this connexion, however, we meet with a peculiar difficulty. 
This must first be explained. 
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Difference between Electric and Magnetic Fields.— The lines of 
force of a static electric field begin and end upon electric charges. To 

^ -i; ' I t 

Fig. 6.—Magnetic field between like poles 


In order that this 


obtain an electric field analogous to the magnetic field of a bar magnet, 
we will consider an electrified bar whose lines of force in the surround¬ 
ing space have the form shown in figs. 4 and 7. The corresponding 
charge distribution is that indicated in fig. 7. 

distribution may 
persist, the bar 
must be made 
of insulating 
material.* If we 
break the bar 
in two (observ¬ 
ing the necessary 
precautions) and 
remove one of 
the halves, 




we 


Fig. 8.—Field of force of 
one half of the rod shown 
in fig. 7* 


Fig. 7 . 
rounding 
dipole. 


» Field of force in the space sur- 
1 rod charged electrically as a 


UJ-LVj » v-w, ' > 

obtain for the other half a distribution 
of lines of force like that shown in 
fig. 8. Starting tcomthe electric charge, 
the lines of force proceed outwards 
to infinity (or to the surroundings). 
We now make the same experiment with a bar magn®t. We kreak 
it into two pieces through the middle (fig. 9), and find that each of 
the separate'^halves is a complete new magnet with ^ 

(fig. 10). The same is true if the halves be further broken; each portion 

proves to be a complete magnet. , , ,. . . 

^ Figs. 11 and 12 show the form of the hues 

after the breaking into two and removal of one haK. We observe a 

* For tto sake of simplicity its dieleotrio constant is assumed to be unity. 
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Figs. 9 and lo.—^Magnetization of the portions of a 
magnet broken into halves 


fundaniental difierenca between the fields of fig. 8 and fig. 12. In 
the electrical case the half bar with its charge is merely the starting- 
point {or end-point) of the lines of force; but in the magnetic case there 
are equal numbers of lines of forces starting and ending upon it. 

Since the latter behaviour 
persists no matter how far 
the mechanical division is 
carried, we must conclude 
that the lines of force con¬ 
tinue in the interior of the 
magnet so that each line is 
closed. It is quite impossible 
by any means to find the ends of magnetic lines of force. Hence whereas 
we can isolate positive or negative charge upon a body, we are unable 
to bring a body into such a state that it is magnetized with north 
polarity alone or with south polarity alone. A body can never be only 
a starting-point or only an end-point of magnetic lines of force: a 
certain degree of one kind of magnetic polarity is always associated 
with an equal degree of the other kind of polarity at some other part 

of the body, so that the number of 
lines of force starting from the body 
is equal to the 
number ending 
upon it. Now 
according to 
Gauss’stheorem 
(p. 68) this is 
theconditionfor 
the absence of 
sources or sinks 

of lines of force in the closed region, 
i.e. in our case in the region of the 
body. Since it is also impossible to 
find any ends to the lines of force in the external space, it follows that: 

Freemagnetism.i.e, a quantity of magnetism or magnetic ^^charge^\ does 
not exist. That is to say, the idea of substance cannot he a^jpliedto magnetism. 




Fig. 12.—Field of one half of 
a broken bar magnet 


Fig. II.—^Field of a bar magnet 


A bar magnet does not lose anything of its own magnetization in magnetizing 
another piece of steel by contact. This peculiar fact also indicates that magnetiza¬ 
tion does not consist of the transference of a substance, as is the case in electri¬ 
fication by contact. 


From all the above considerations we arrive at the following 
important result; 

Magnetic lines offeree are always closed. 

This will become particularly clear later (p. 403). 
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3. Iron in a Magnetic Field 

As was shown by Faraday, the course of the magnetic lines of 
force is somewhat affected by the presence of material bodies. In general 
this effect is very slight (for further n 
details, see p. 402). The so-called ferro- 
magnetic materials (p. 413) are exceptions ^ 

to this rule. The 


Influence upon 
a Magnetic Field. 
—^For simplicity 
in investigating 
the disturbance 
of the course of 
the lines of force 
we will make 
use of a homo- 



Fig. 13-—TIcr?o 
for the prod .ic'io: 
gcneous field. 


geneoiis magnetic field, 


a field in 


Fig. 14.—^Homogeneous field in the 


which the lines of force are all parallel f of horse-shoe magnet 
and of uniform density of distribution. ^3- 

Such a homogeneous field can only he produced approximate^ with magnets, 
because the lines of force always converge towards the regions of the poles. 



Fig. 15. — Magnetic field of a horse- Fig. i6.—Deformation of a homogeneous 

shoe magnet field by a circular iron disc 

For our practical experiments we make use of the field between the extended 
poles of a magnet consisting of a large rectangular sheet of steel, bent into the 
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shape of a horse-shoe as shown in fig. 13. Between the poles N and S is fixed 
a board F to support the body w’'hich is introduced into the field. Making the 
magnetic field visible in the plane of the board F by means of iron filings, we 
obtain the result shown in fig. 14. Fig. 15 represents a vertical section through 
the field of the horse-shoe magnet. From these figures it can be seen that in the 
plane F in the middle of the field the lines of force are approximately straight, 
parallel and of uniform density. 



Fig. 17.—Deformation of a homogeneous field by an iron bar 


An extremely marked alteration is produced wken a small plate of 
iron is introduced into the field. Brass or wood, on the contrary, leave 
the field practically unaffected. Fig. 16 shows how the lines of force 
converge towards the piece of iron. 


Fig. 17 shows the effect upeu the originally homogeneous field when an iron 
bar is introduced. Comparing rfiU with fig. 18, which represents the field of a 
steel magnet of the same size (but without superimposed field, which accounts 
for the differences between the two figures), we see that the bar of iron has be- 



Fig. 18.—^Field of a bar magnet 


come a magnet in the homogeneous field (p. 404). Thus we have the field repre¬ 
sentation of the phenomenon abeady mentioned on p. 113, namely, magnetiza¬ 
tion hij induotion. 

These figures show that iron has the property, so to speak, of 
sucking the lines of force through it. This can be interpreted by sup¬ 
posing the iron to be more permeable than air to raagnetio lines of 
force. We say that the iron bas the greater permeabOity. This property 
obviously corresponds to the dielectric constant in the case of an 
electric field. Iron offers, as it were, a smaller resistance than'air to the 
passage of magnetic lines of force tbrongb it. Hence in the iron the 
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lines of force are more densely packed. Tke mutual lateral pressure 
between the lines of force must therefore be smaller within the iron 
than in air (p. 430). 

This can be demonstrated very beautifully by an analogous esperi- 



Fig. 10*—Lines of flow of a liquid in the space between two plates, the 
distance between which is greater in one region than elsewhere. [From 
Ebert, Magnetische Kraftfelder, published by J. A. Barth, Leipzig.] 


ment in wliiclx the magnetic (or electric) lines of force are replaced hy 
the lines of flow of a liquid (method of Hele-Shaw, see p. 17). The 
liquid flows between two parallel sheets of glass. At a certain place, 
however, the bottom sheet is provided with a rectangular depression 
and the upper sheet with a corresponding rectangular elevation, so 
that over this region the distance between the 
sheets is greater and the resistance to the flow of 
the liquid is less than elsewhere. Fig. 19 shows 
the resulting flow-line diagram, which is seen 
to be completely analogous to the force - line 
diagram of fig. 17 (compare also fig. 114, p. 93). 

Magnetic Screening Effect. — Upon the high 
permeability of iron depends a very important Fig. so .—Deformation of 

1 -1 • •• a homogeneous field by an 

practical property, namely, its screening action, iron ring. 

When, namely, we introduce a hollow ball or hollow cylinder of soft iron into 
a magnetic field, the lines of force pass into the iron and run almost exclusively 
in the interior of the walls of the hollow body (fig. 20), leaving the inner space 
practically free from lines of force, i.e. free from magnetic forces (see fig. 21). 
Use is frequently made of this property in order to protect bodies and apparatus 
from the influence of magnetic fields. 

The following is another example of the high permeability of iron: 

Two steel magnets in the shape of semicircles are placed with their unlike 
poles together. Alm ost all the lines of force from the north pole of the one magnet 








120 


THE MAGNETIC STATE OF THE ETHER 

pass into the south pole of the other, and the surrounding space remains practi¬ 
cally free of lines of force. Nott imagine the two semicircular magnets to be 
completely united so as to form a closed ring. The lines of force now run entirely 



Fig. 31 .—Magnetic screening action of iron 


in the interior of the steel ring and we obtain a magnet without poles, a so-called 
toroidal magnet or toroid,^ If such a ring be cut through at some point, an ex¬ 
tremely intense but spatially very limited magnetic field is obtained between 
the two poles on the opposite sides of the narrow gap (see also p. 423). 

4. Quantitative Treatment of the Behaviour of Magnets 

The Concepts underlying the Quantitative Description of Magnetic 
Fields.—The above mentioned peculiar nature of magnetic fields 
(p. 115) makes it impossible without further consideration to apply 
the same methods, based upon the concept of point charges, as were 
used for the description of electric fields. 

The portion of the field of a bar magnet which lies outside the 
magnet can (as in fig. 7, p. 115) be represented in the same way as 
the electric field of a suitably charged insulating rod. IsTow it 
is found that the electric field of such a rod at a great distance 
away is not seriously afiected by supposing the charges to be 
concentrated in very small regions (points). This can easily be 
shown practically to be the case. Thus in fig. 7 (p. 116) the charges 
can be regarded as concentrated within the small circles. In the limit 
we obtain a dipole (p. 88), i.e. two opposite point charges at a certain 
definite distance I apart. 

As was shown on p. 100, the behaviour of such a dipole is determined 
by its electrical dipole moment. Thus two dipoles, the first of charge 
Q and length I and the other of charge lOQ and length Z/10, have equal 
fields (in direction as well as in field strength or displacement) at a 
distance away which is large compared with L They also experience 
equal turning moments in a given homogeneous field. Hence the field 

*Lat., torus, swelling. 
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of a dipole at a great distance and the forces to which it is subjected 
in a homogeneous field are completely determined by its dipole moment. 

In the same way we can introduce an analogous quantity for a 
bar magnet, the magnetic moment M. It determines both the magnitude 
and the direction of the magnetic field at a great distance from the 
bar magnet, as well as the turning moment acting upon the magnet 
when placed in a homogeneous field. 

Forces Acting upon a Bar Magnet in a Homogeneous Field.—We can 
consider the behaviour of a bar magnet in a homogeneous magnetic 
field in the light of the diagram of lines of force shown in fig. 22. 
The consideration is analogous to the case of electrical lines of force. 
According to Faraday’s view there is 
a tension in the direction of the lines 
and a pressure or repulsion between 
them (p. 21). We see from the figure 
how each pole of the bar magnet is 
subjected on the one side to the tension 
along the lines and on the other side 
to the lateral repulsion between them. 

These forces form a couple tending in 
the case we are considering to turn 
the bar magnet in the anti-clockwise 
sense. 

The magnitude of the turning 
moment acting upon an electric dipole 
is Eg = EMg sin <j> (p. 100). Thus in 
the case of dipoles of given dipole 
moment the magnitude of this ^ 
turning moment is a measure of the 
strength of the field. 

Experiment has shown that a corresponding relation exists for 
bar magnets. Just as in the case of a given electric dipole the turning 
moment E^ can be chosen as a measure for the strength of the electric 
field in which the dipole is situated, so also can we take the turning 
moment acting upon a bar magnet as a measure of the strength of the 
magnetic field producing it. Hence in analogy to the quantity E or 
I E I appearing in the above formula we can characterize the magnetic 
field by a vector of magnitude | B | or B. This vector B is called the 
magnetic induction or density of magnetic flux (p. 377). Just as in the 
case of the electric field the direction of the field strength E or the 
displacement D is characterized by the direction taken up by the 
line joining the charges of a freely turning dipole (compare the ex-^ 
ploration of the electric field by means of an electrical pointer, p. 7),. 
so also does the finaT direction taken up by a freely suspended mag¬ 
netic needle determine the direction of the magnetic induction B. 
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This direction is therefore the same as that of the magnetic lines of 
iorce at the point considered (p. 113). 

The magnetic lines of force are the lines of magnetic induction. 

In analogy to the electrical case we write 

== MB sin 

where is the magnitude of the turning moment upon the bar magnet, 
M the magnitude of the magnetic moment of the latter, B the magni¬ 
tude of the magnetic induction of the field and (j) the angle between 
magnet and field. 

Experimental Investigation.—^In order to investigate the forces acting upon 
a small magnetic needle, we suspend the needle from a stand by a fine wire in 
such a way that it can rotate over a divided circular scale (fig. 23). The whole 
suspending device can also be rotated and its angular displacement read off upon 

another graduated circular scale. In this 
way we can compensate the turning moment 
acting upon the needle by means of the 
torsion of the suspending wire; this is done 
by turning the point of suspension (torsion 
head) until the needle is brought back to its 
initial position or some desired position. The 
torsional rigidity (Vol. I, p. 208) of the 
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.Investigation of Variation of Turning 
Moment with Angle .—^We use here the field 
of a large bar magnet laid in the direction of the meridian. In order to minimize 
the influence of the earth’s field, the magnet must be magnetized as strongly 
•as possible. We choose a point far away from the magnet, at which the field 
direction coincides with the direction of the bar magnet itself and with the north- 
south direction. At this point we place our small needle with its torsion device. 
To determine the zero position of the suspension, we allow it first to come to rest 
without the magnetic needle. We then turn the torsion head until this zero 
direction of the suspension coincides with the field direction. After this preliminary 
procedure has been concluded, we place the needle upon the suspension. Since 
the field ^rection is the stable position of rest for the needle, the latter remains 
pointing in the direction into which the suspension had been previoxisly adjusted. 
We now turn the torsion head through a certain known angle, simultaneously 
reading off the angle through which the magnetic needle has turned out of its 
original position of rest. We find in this way that the angle read off above is 
proportional to the sine of the angle read ofi below. 

But the torsional moment is proportional to the angle (Vol. I, p. 207). It 
follows therefore that the turning moment acting upon the magnetic needle is 
proportional to the sine of the angle between the needle and the direction of 
the field, i.e. == C sin 9. 

Investigation of the Variation with the Field ,—^We adjust the magnetic needle 
to make a certain angle with the field direction, and read off the angle of torsion. 
Then we place a second magnet, of the same shape as the first and as nearly as 



J^ig. 23.—Measurement of turning moment 




QUANTITATIVE DISCUSSION OF MAGNETS 123 


possible equally magnetized, at the same distance and in the same direction but 
on the opposite side of the magnetic needle from the first magnet (see fig. 23). 
In order now to adjust the needle to the same direction as before in the new field, 
whose direction is the same as the old field, we have to turn the torsion head 
farther through the same angle as before. 

If the two magnets are not similar, their difierence can be determined by 
means of the turning moment exerted upon the needle. Also by using one magnet, 
first in one direction and then reversed, the earth’s effect (when not negligible) 
can be determined. 

It follows from these experiments that the turning moment acting upon the 
needle is proportional to the induction B of the magnetic field, i.e. == MB sin 9 , 
where M is a quantity characteristic of the particular needle used. If another 
magnetic needle be employed, the magnitude of the turning moment experienced 
at any position in the field is different from before. But the ratio of the turning 
moments acting, upon the two needles in the same position is constant for all 
positions in the field. Thus M depends only upon the nature of the needle. It is 
called the magnetic moment and is a convenient quantity for the characterization 
of the needle with regard to its behaviour in a magnetic field. 

Field of a Bar Magnet.—On account of the quantitative analogy to 
the behaviour of an electric dipole, we can express the magnetic in¬ 
duction B at a great distance from a bar magnet in the following way 
(see p. 100): 

The magnitude of the component of the magnetic induction of a bar 
magnet of magnetic moment M. at a distance r and in a direction making 
an angle f with the longitudinal axis of the bar is 

B = M Vl -f 3 cos^(f > 

^3 

Vibrations of a Bar Magnet in a Magnet Field.—Consider a bar 
magnet mounted so as to be able to rotate about its centre of gravity 
in a magnetic field. When displaced from its equilibrium position 
through an angle 4 ^ which is so small that it can be set equal to its 
sine, the magnet is acted upon by a turning moment R == MB^. In 
this case the restoring moment or couple is proportional to the angular 
displacement When released the magnet executes harmonic vibra¬ 
tions about its equilibrium position (VoL I, p. 146). The peri od of 
swing can be calculated from the corresponding formula T = 27r VI/Rd 
where I is the moment of inertia about the axis of rotation and R^ 
the value of R when = 1, i.e. R^ = MB. We have therefore 

The period T can be determined by direct observation, the moment 
of inertia I either by special vibration experiments or from the dimen¬ 
sions of the magnet. Hence the formula allows of the calculation of the 
accurate value of MB. 
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The formula, as given above, only holds when the magnetic field is homo¬ 
geneous. In the case of an inhomogeneous field it is only valid provided we con¬ 
fine our attention to such a small region that the inhomogeneity of the field 
becomes negligibly small. 


The Unit of Magnetic Induction and of Magnetic Moment —Before 
we can evaluate the above relation numerically we require measuring 
units for B and M. We can arrive at these in the following way (after 
Gauss). 




t +UI. 


A 

Fig. 24.—Gauss’ method of measuring mag¬ 
netic field strength. (First position.) 


Por the sake of simplicity consider a field that is homogeneous and horizontally 
directed. For a bar magnet swinging in this field we have found the relation 
T = 27r Vl/MB between the period of swing T, the magnetic moment M of the 
magnet and the magnetic induction B of the field. From this we have MB = 

Atc^I/T^. Since T and I can be determined 
1*5 experimentally, the product MB can be 

measured from vibration experiments. 

Each of the quantities M and B can 
then be found, provided we have one 
other relation between them, for instance, 
if we know the value of the quotient 
M/B. This quotient can actually be 
measured by observing the deflection of a 
short magnetic needle by the same bar 
magnet of magnetic moment M, the needle being situated in the field of induction 
B. The way in which this is done is shown in the following calculations. 

1 . In fig. 24 the arrow with both head and tail represents a small magnetic 
needle of length X and magnetic moment The other arrow shows the direction 
of the magnetic induction B of the field. The thick horizontal line represents a 
bar magnet whose length I is small compared with its distance r from the small 
needle. When the needle is alone in the field, its direction coincides with that of 
B. It is deflected through an angle 9 out of this position by the bar magnet of 
magnetic moment M, placed as in the figure. The needle is in equilibrium when 
the turning moment (Ri) of the homogeneous field is equal and opposite to 
that (Rg) of the couple due to the bar magnet. 

The component B^ of the magnetic induction of a short bar magnet in the 
direction of its own longitudinal axis is equal to 2M/r® (see p. 100). Since by 
assumption the needle is small in comparison with r, we can regard the values- 
of B^ at the two ends of the needle to be the same. The corresponding turn¬ 
ing moment is then (p. 100 ) 

R 2 = B^m sin (90° — 9 ) = 2Mm cos cp/r®. 


The opposite turning moment due to the field is 
Ri = Bmsin9. 


The needle is in equilibrium when R^ = Rg, i.e. when 
Bm sin 9 = 2Mm cos 9 /r®. 

From this we have the quotient M/B, namely, 

M/B = Jr® tan 9 . 

This equation does not involve the magnetic moment of the deflected needle. 
The quotient M/B can be calculated from the values of the angle of deflection 9 
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and tlie distance r between magnet and needle, botli of wbicb quantities can be 
measured by direct experiment, 

2. The relative position of bar magnet and magnetic needle shown in fig. 24 
was called by Gauss the first position; that shown in fig. 25 was designated as 
the second position. The quotient M/B can also be calculated from the deflection 
produced in the second position. The result, which can be derived in the same 
way as that for the first position, is given by the equation 

M/B “ r^ tan4^, 


Combining now the value of the product MB 
obtained from vibration experiments with the value 
of the quotient M/B obtained from deflection 
experiments we obtain by multiplication and division 


M = VMB X M/B, B = VMB M/B. 


t 




B 




TEe rigEt-Eand sides of 
tEese equations involve only 
quantities wEose units Eave 
already been fixed elsewEere. 
Hence by means of a suitable 
numerical factor tEese equa¬ 
tions can be used to define tEe 
units of magnetic induction 
and of magnetic moment. 
TEus for example, using tEe 
results of tEe two preceding 
sections, we may write, 


B: 




477^1 
tan^ 



Fig. a6.—Vibration 
magnetometer 


’k-TTb I -77L 

Fig. 25.—Second 

position of Gauss , n n 7 7 

In tEe so-called absolute mag¬ 
netic system of measurement tEe numerical 
factor / is made equal to unity and all tEe 
otEer quantities on tEe rigEt-Eand side are 
measured in O.G.S. units. 

The unit of magnetic induction defined 
in this way is called a gauss (F)., 

From the above equation it follows tEat the dimensions of magnetic 
induction are [cm.”^ gm."^ sec.“'^]. 

Similarly we obtain a unit of magnetic moment in the absolute 
measuring system. TEis unit, wEose dimensions are [cm.^ gm.^ sec.“^], 
bears no special name. 

For reasons to be explained later tEe numerical factor is put equal 
to 10® in the practical measuring system. 

The practical unit of magnetic induction is 1 volt sec./cm.^ (see 
p. 376). 
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Hence 1 gauss = 10”® volt sec./cm 

The special instruments used for the measurement of MB and M/B 
are called magnetometers (figs. 26 and 27). 

Intensity of Magnetization—By dividing the magnetic moment M 
of a magnet by its volume V we obtain the magnetic moment per unit 



Fig. 27.—^Deflection magnetometer 


volume or intensity of magnetization, as it is called. The more slender 
the magnet, the greater the intensity of magnetization attainable 
(maximum about 750 C.G.S. units/cm.®). 


Coulomb’s Law for Magnetic Poles.—The use of the magnetic moment for 
describing the behaviour of magnets in a magnetic field as well as the fields of 
bar magnets themselves is completely satisfactory and yields results of any desired 
degree of approximation, provided that the distance considered be correspondingly 
great in comparison with the dimensions of the magnet. Attempts have also been 
made to describe the field nearer to a magnet in the same way as we have em- 
ployed above for the field at a great distance, namely, as due to a dipole. In 
analogy to the case of the electric dipole moment — Q? (p. 99), the magnetic 



Fig. 28.—^Diagram of the lines of force of a bar 
magnet as viewed in the direction of its length 


moment M can be regarded as the product 
ml of a quantity of magnetism m and 
the distance I between the poles. In the 
case of a bar magnet of the usual shape 
the distance I between the poles is about 
§ of the total length. It can be shown 
that the sources and sinks of the mag¬ 
netic field which are imagined to be 
concentrated at the point poles obey 
Coulomb’s law. This means (p. 16) that 
fields can be produced with spherical 
symmetry at least in a certain region, i.e. 
fields which may be regarded as produced 
by a single point pole. It also indicates 
that the magnetic induction is propor* 
tional to the density of the lines of force. 

The field of a bar magnet is spheri¬ 


cally symmetrical within distances from 
the poles which are small in comparison with the length of the magnet (compare 
fig. 11, p. 116). This can be shown by taking a cylindrical bar magnet about 
60 cm. in length, setting it up vertically with its north pole at the top, placing 
a sheet of smooth stiff paper horizontally upon the upper end, and scattering 
iron filings upon it. The filings arrange themselves in straight lines running out 
radially from the magnetic pole (fig. 28). These lines represent here, as in other 
similar filing diagrams, only the projections of the lines of force upon the plane of 
the paper. 


As an example of actual measurement of the force between two magnetic 
poles, take the case of the repulsion between two like poles. 

Set up two similar, similarly magnetized steel rods (knitting needles) as shown 
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in fig. 29, with like poles one above the other. The one rod forms one half of a. 
balance beam turning easily about a knife edge supported by the stand A (mag¬ 
netic balance). Thus one pole nj^ is at the end of the beam and the other at the 
axis of rotation. The other arm of the beam is graduated as a rider scale upon 
which light riders, weighing whole multiples of a dyne, can be placed. The second 
magnetized rod is held in a horizontal position in the stand C, and can be moved 
up and down in a vertical direction. In this way its pole can be adjusted at 
known distances above the like pole ni of the other rod. These distances can be 
read off upon the vertical mirror scale B. 

There is a repulsion between the like poles % and By placing a suitable 
rider on the rider scale the balance beam can be brought back into a horizontal 
position. The turning moments of the rider weight and the magnetic repulsion. 



are then equal. Hence the force of repulsion can be calculated. By altering .the* 
distance between the poles it is found that the force becomes greater as this dis¬ 
tance is decreased, being in fact inversely proportional to the square of the distance,. 

If the upper knitting needle be replaced by two, three or more similar mag¬ 
netized needles, the force of repulsion is respectively doubled, trebled or increased 
in the same ratio as the number of needles. The same result is obtained if the- 
lower knitting needle be replaced by a larger number. 

These experiments provide proof of Coulomb’s Law (Coulomb, 1784), viz. 

P = f ^1 

where Wi and are measures of the pole strengths and r is the distance between, 
the poles. The factor f depends upon the choice of the unit of pole strength (see- 
also the note on p. 16). 

The unit of pole strength can be defined in such a way as to make the factor 
f in Coulomb’s law equal to unity. We then have the following definition: 

A magnetic pole of unit pole strength is such as to repel with a force of 
1 dyne an exactly similar pole placed at a distance of 1 cm. from it in a 
vacuum. 

Since a bar magnet of unit pole strength and with unit distance (1 cm.) be¬ 
tween its poles has unit magnetic moment, the equation Ri — MB (p, 123) reduces- 
in this case to Ri — B. Hence the unit of magnetic induction (1 gauss) can also 
be defined as follows: 

The magnetic induction at a point of a field is of unit magnitude when the» 
force exerted at this point upon a unit pole is 1 dyne. For then R^ = 1 = B. 
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Historical roasoiis account for tii© natur© of tlio attempt to treat magnetic 
phenomena q^uantitatively hy means of relationships analogous to Newton s 
law of grayitation (VoL I, p. 176). The inclination towards this form of treat¬ 
ment is understandable when we remember the extraordinary impi'ession created 
by Newton’s discovery. It was Fajkaday’s power of unbiased, independent 
thought that first produced the theory of field, action—a theory far more in 
harmony with the observed phenomena. Magnetic poles are not realizable in the 
same way as the charges of an electric dipole, but are imaginary entities intro¬ 
duced in analogy to the electrical case. This was indeed recognized by Gauss, 
who originated a satisfactory basis of treatment in terms of magnetic moments. 
The derivation of the unit of magnetic field strength making use of magnetic 
moment (see p. 125) is completely independent of any assumption as to magnetic 
poles as fictitious sources of the field. 

5. The Magnetic Field of the Earth 

The Form of the Earth’s Field.—^We have already come to the 
conclusion (p. 112) that there is a magnetic field at the surface of 

the earth. Its form can be deter¬ 
mined by observation of the 
direction taken up by a freely 
suspended magnetic needle at as 
many different places as possible. 
Such experiments have shown the 
earth’s field to be of the type 
shown in fig. 30, i.e. approximately 
that of a magnetized sphere (fig. 
31). 

The earth behaves as a magnet not 
only towards magnetic needles but also 
towards all pieces of iron. This can be 
seen from the fact that in the northern 
hemisphere every iron rod or bar stand¬ 
ing vertical (window bars, fence posts, 
&c.) has a south pole at its upper end 
(sink of magnetic lines of force) and a 
north pole at its lower end (source of 
lines of force). This induced magnetization is still more intense when the piece of 
iron has the same direction as a freely suspended magnetic needle, i.e. when 
its direction coincides completely with that of the lines of force of the earth’s 
magnetic field. 

When a piece of soft iron rod (e.g. a length of gas pipe) is held in the direction 
of the earth’s magnetic field and given a shock by being struck with a hammer, 
it becomes magnetized to an extent easily demonstrable with the help of a com¬ 
pass needle, now the rod be turned through 180° and struck again with the 
hammer, its poles are reversed. 

Investigation of the earth’s magnetic field gives the following results. 

A freely suspended magnetic needle assumes parallel positions at 
different places not too far away from one another, (These experi¬ 
ments must be performed in the open, because of the disturbing efects 



Fig. 30.—Diagram of the earth showing lines 
of force 
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of the structural iron iu the walls, ceilings, &c., of buildings.) Deter¬ 
minations of the period of vibration of a freely suspended bar magnet 
at different places give everywhere the same value (with the restriction 
given above). Within regions of not too great extent, therefore, the 
magnetic field of the earth can be regarded as homogeneous. 

From this it follows that a magnetic needle can only experience a 
turning moment] there can be no force tending to produce translation, 
because the magnetic force 
upon the one pole of the 
needle is equal and opposite 
to that upon the other pole. 

Conversely we can deduce 
that the earth’s field is homo¬ 
geneous from the fact that even 
the most sensitive methods fail 
to detect any force tending to 
translation, 
found further that the 
lines of force of the earth’s 
field are inclined to the earth’s 
surface (see fig. 30). In our 
latitude they slope downwards 
towards the north. 

A magnetic needle capable 
only of rotation in a horizontal 
plane takes up a direction corresponding to the projection of the lines of 
force upon this plane. It is acted upon only by the horizontal com¬ 
ponent of the earth’s field. 

The instrument used for the investigation of the horizontal projection of the 
lines of force of the earth’s magnetic field is called a declinometer' (fig. 32), or 
in its simpler form a compass.* This consists of a magnetic needle mounted upon 
a point in a case so as to be capable of rotation in a horizontal plane over a cir¬ 
cular scale. The case is equipped with a telescope or simple sighting tube, which 
can be turned in a vertical plane. The whole is supported in a horizontal position 
upon a tripod stand. The case is turned until the needle is parallel to the axis of 
the horizontal telescope. A distant point is then sighted through the latter, and 
the apparatus set up again there. Then a further point is sighted, the apparatus 
set up again at it, and so on. Proceeding in this way, the line joining all the suc¬ 
cessive points is the horizontal projection of a line of force of the earth’s magnetic 
field. 

Starting from any point on tbe earth’s surface, the horizontal 
projection of the line of force through that point can be mapped out 

* From the Latin cum » with and fossus = a step; compassus (late Latin), measur¬ 
ing instrument, pair of compasses. In the 15th and i6th centuries the name compap 
was used for a small pocket sundial, which was adjusted with the help of a magnetic 
needle. The name then passed over to the needle and its circular scale. 

- (E 617 ) 


produce 
It is 



Fig. 31.—Field of a magnetized sphere 
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by the above metliod. Tbe line obtained is called a magnetic meridian. 
Fig. 33 shows 18 magnetic meridians wHcIl are equidistant at the 
equator (i.e. 20° apart). All the meridians converge towards two 



Fig. 32 .—^Declinometer 


pomts. The northerly point * lies to the 'west of the peninsular Boothia 
Pelix at about 70° 40' north and 96° 5' -west: the southerly point f 
lies in Victoria Land at about 72° south and 155° east. 


J80 ISO IkO 120 100 80 60 kO 20 0 20 kO 60 80 100 IBO l&O ISO ISO 



IkO 120 100 80 60 kO 20 0 20 kO 60 80 100 120 IkO 160 ISO 

Fig. 33 .—^Magnetic meridians 


These points of convergence are known as the magnetic poles of 
the earth. The lines of force run towards the north magnetic pole; 

^Discovered by James CLAJEtK Ross on 1st June, 1831. The above position is that 
found by the Gjoa expedition (Amtodsek, 1903-5). 

fDiscovered in 1909 by Prof. David, a compaixion of Shaokeltoit, during the 
latter*s Antarctic expedition. 
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this therefore has southera polarity. Similarly, since the lines of 
force are directed away from the south magnetic pole, this has northern 
polarity. As is seen from fig. 30, the actual lines of force do not 
converge towards the magnetic poles, but only their horizontal pro¬ 
jections- The magnetic poles are therefore the points at which the 
lines of force are at right angles to the earth’s surface. 

On account of the use of magnetic needles for the determination 
of directions, the knowledge of the angle between the magnetic and 
meridians (the decimation) is of the utmost practical 
importance. At London the declina¬ 
tion amounted in 1932 to about 
12° towards the west; it is not 
constant, how¬ 
ever, the rate of 
change in 1932 
being about 0*2° 
per annum to¬ 
wards the east. 

In investigating 
the lines of force 
of the earth’s 
field by means of 
a magnetic needle suspended so as 
to be able to take up any direction 
(fig. 3, p. 113), we found that 

Kg. 34 .-inciinomctercr dip needle lines of force are inclined 

to the horizontal. The magnitude 
of their slope, i.e. the angle between the needle and the horizontal 
plane, is called the magnetic inclination or dip. 




Fig. 35* — Compo¬ 
nents of the earth’s 
magnetic field. 


For the more exact determination of inclination use is made of the instrument 
depicted in fig. 34 and known as an inclinometer or dip needle. The vertical 
circular scale V is brought into the plane of the magnetic meridian by means of 
the horizontal circular scale H. The incHnation or dip can then he read off directly 
at the points K and S of the magnetic needle, which is suspended so as to be able 
to turn about the horizontal axis 0, 

Since it is quite possible that the centre of gravity of the needle does not lie 
exactly upon, its axis of rotation, another reading must be taken with the needle 
remagnetized so that its poles are reversed- The vertical circle V should also be 
turned through 180® and the readings repeated. The true value of the inclination 
is then found by taking the average of all the observations. The value of the dip 
at London was about 66® 40’' in 1932. 


The properties of the terrestrial magnetic field are treated at 
length in Vol. V, where more detailed maps and tables are also given. 

The Intensity of the Earth’s Magnetic Field.—^From the map (fig. 
33) showing the magnetic meridians (i.e. the horizontal projections 
of the lines of force), it may be deduced that the magnetic force upon 


132 


THE MAGNETIC STATE OF THE ETHER 


a test magnet- is different at different places, being in fact smallest 
where the lines of force are farthest apart (i.e. near the equator) and 
^eatest where the lines of force are nearest together (i.e. near the 
magnetic poles). It is not possible, however, to (^aw any conclusions 
as to the exact magnitude of the intensity from the behaviour of the 
horizontal projections of the lines of force; the densities of the lines 
of force themselves must be known. 



Fig. 36 .—Isodynamic lines for H. (Numerical data in himdredths of a gauss) 


Now from fig. 36 we see that the magnitude B of the total in¬ 
tensity is related to the magnitude H of the horizontal component 
by the simple equation H = B cos S, where S is the angle of inclination 
or dip. Hence it is easy to calculate the total intensity when the values 
of the horizontal intensity and the inclination are known. Very little 
practical importance attaches to the vertical intensity V = B sin 8. 

Measurements of the horizontal intensity H were carried out systematically 
by Gauss. Modem scientific determinations are still made by his methods, 
as described on p. 124. 

Fig. 36 shows the curves obtained by joining points of equal 
horizontal intensity (so-called isodynamic lines). The value of H at 
London is about 0T85 gauss. (See also p. 392.) 
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STEADY ELECTRIC CURRENTS 


CHAPTER III 

Introductory Observations. Characteristic 
Properties of Electric Currents 

1. Disappearance of Electric Fields and the Motion of 
Electricity 

In the first chapter we confined our attention to electric fields, 
which were practically invariable with time. These fields existed 
between charged bodies in air or in other substances with the property 
of maintaining the field unchanged for an indefinite time within them. 
To such substances we gave the name imuhtm (p. 21). At the same 
time we recognized the existence of other substances in which electric 
fields very quickly die away; these substances are the so-called cm- 
ductors. We saw that the characteristic of conductors is that in them 
the electric charges are more or less free to follow the pull of the lines 
of force. We now proceed to consider this process of the dying away 
or disappearance of electric fields and the simultaneous motion of 
the electric charges. 

To begin with, we can easily convince ourselves that the velocity 
of disappearance of the field can be different in different cases. 
For this purpose we take a charged condenser connected to a volt¬ 
meter V (fig. 1) and connect its two terminals A and K (i) with a dry 
linen thread F and (ii) with a metal wire. 

In the first case the dying away of the field, as indicated by the 
reading of the volt-meter, takes several seconds. In the second case 
the field disappears instantaneously. 

In order that the above experiments may not be afieoted by involuntary 
“ earthing ” of the condenser plates, the thread or wire must be manipulated by 
means of well insulated handles G (say two sticks of sealing-wax) attached to 
the ends as shown in the figure. 
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Let us consider this process of discharge a little more closely. Fig. 2 shows 
the field between the condenser plates K1 and A. We establish connexion at the 
upper edges by means of the conductor L. As the conductor is brought up, the 
field is disturbed and the charges upon the conductor, being free to move, 
are displaced. We get a distribution of lines of force like that shown in fig. 3, in 
which the average distance between the lines has become greater owing to the 



Fig. I.—Discharge of 
a condenser 





Figs. 2, 3, and 4.—Charges of the field during discharge 
of a condenser 


fact that a certain number of them have been shortened and no longer exert so 
great a lateral pressure as before. When now the conductor is made to touch 
both condenser plates, the previously shortened lines of force disappear alto¬ 
gether, since the opposite charges have combined. Their lateral pressure is thus 
removed and the remaining lines of force are able to separate to still greater 
distances from one another, namely, by spreading out towards the side where the 
conductor is situated (fig. 4). Finally, the lines of force pass through the conductor, 
between whose two points of contact (which we will call its ‘‘ ends ”) a potential 
difference therefore exists. This potential difference causes the charges to 
move along the conductor. Fig. 4 is very instructive. From, it we see firstly 

that the density of the lines of 
force decreases towards the con¬ 
ductor, since on that side the 
lateral pressure has been removed. 
This distribution of lines of force 
does not correspond to a state 
of equilibrium. In order to main¬ 
tain it, energy is in fact necessary 
(see below). Further, it should be 
noticed that the motion of the 
lines of force is at right angles to the direction in which the charge neutralization 
takes place. It is easy to show that this is always the case in all circuits in which 
electric currents are flowing. • 

We will now consider the process of charging a condenser by means of leads 
attached centrally to the plates. The flow of electricity from the source can be 
regarded as the rapid motion towards one another of positive and negative charges, 
in response to the field between them. These charges are prevented from uniting 
by the non-conducting dielectric within the condenser. Hence as the charges on 
the plates increase, an electrostatic field of ever increasing intensity is formed 
between them. The fields coming from the poles of the source of electricity are 
as it were collected together in this field within the condenser, which thus becomes 
the store of afl the energy. 

How it is seen from fig, 5 that, as the opposite charges Aj and Bi approach 



Fig. 5.—Charging of a condenser 
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each other from either side, the lines of force between them enter the interior of 
the condenser from the edges of the plates. Thus again the alteration of the 
field strength in the dielectric between the plates is associated with a motion of 
the lines of force in a direction at right angles to the field. More particularly, as 
the field strength increases, the lines of force move inwards from the edges of the 
plates; conversely, during discharge of the condenser and decrease of the field 
strength, the lines of force move outwards towards the edges and the distance 
between them increases. 

The motion of electric charges is called an electric current.^** 

Whenever there is a potential difference between the ends of a 
conductor, this gives rise to a motion of the charges situated at the 
ends of the lines of force: an electric current flows. This current con¬ 
tinues until the difference of potential between the ends of the conductor 
has fallen to 2 :ero. In order that a current may flow continually in a 
conductor, a potential difference must be maintained between its 
ends.f This requires the expenditure of work, as is always the case 
in charging a body, i.e. in producing a potential difference (p. 28). 

Experime^it ,—Connect the two terminals of a condenser to a voltmeter and 
also to the terminals of a well insulated electrical machine. Charge up the con¬ 
denser by turning the machine and then connect the condenser terminals by 
means of a hemp string. The pressure falls off, since the charges neutralize each 
other through the string. In order to keep up the initial potential difference 
the machine must be turned, i.e. mechanical work performed. 

As can easily be shown (see below), the disappearance of the electric field is 
accompanied by energy transformations in the conductor itself. This is only to 
be expected according to the principle of energy (Vol. II, p. 32); for an expendi¬ 
ture of energy was necessary in charging the condenser and this energy must 
reappear in some form or other during discharge. The actual energy transforma¬ 
tions which occur will be discussed in more detail later (p. 137 et seq.), 

A discharge often takes place through the electrical machine, while this is 
not being worked, since the materials of which it is constructed have a certain 
conducting power. 

The above experiments show that electric fields are indeed possible 
within conductors, but that they always give rise to a motion of 
electricity. The maintenance of an electric field in a conductor neces¬ 
sitates expenditure of work. Only very small fields can be attained 
in metallic conductors (see Chap. XI, p. 360). The relation connecting 
the field between different points of a conductor and the corresponding 
current will be treated in detail in Chap. VI, p. 219. 

Switches. —^When there is a conducting connexion between two points at 
different potentials, so that these potentials can he equalized by the passage of a 
current, the system or circuit is said to be cloaed\ when no such conducting con¬ 
nexion exists, the circuit is said to be open, A switch is a device for closing 

making ”) or opening (“ breaking ”) a circuit. When the pressure is high, the 

* For a generalization of this definition see p. 167. 

f In certain special cases a current can flow continually without a potential dif¬ 
ference (super-conductivity, p. 245). 
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breaking must be very rapid, in order to avoid an arc (pp. 352 and 436). Fig. 6 
shows how this is ensured in ordinary lighting switches by means of a spring. 

Under certain circumstances the 
making or breaking of a circuit 
may be a very difficult problem of 
electrical engineering. 

Tbe equalization of a 
potential difierence in a con¬ 
ductor takes place in a similar 
manner to the equalization of 
water-level by means of a 
water current. 

Current Strength.—The arrangement shown in fig. 7 consists of 
two glass vessels connected near their bases by means of a horizontal 
tube, which can be closed with a tap. We fill the one vessel with water 
and then open the tap. The water flows across into the other vessel 
until the levels in the two vessels are equal. 

In the arrangement shown in fig. 8, the inner coatings of two 
Leyden jars can be connected by means of a thin wooden rod about 
two metres long. Before placing the rod so as to establish connexion, 
we charge up the one jar until the electroscope attached to it shows a 


a. & 

Fig. 7 (a) and (b). —^Equalization of pressure in vessels of water 

large deflection. In order that this deflection may be definite (p. 34), 
the table and the outer coating of the jars must be earthed. The de¬ 
flection of the electroscope is then a measure for the 'potential of the 
charge upon the inner coating. We now put the wooden rod in place 
(fig. 8, 6). The electric charge flows across from the one jar into the 
other until their potentials (as indicated by the electroscopes) are equal, 
i.e. until both inner coatings have the same potential. 

If we maintain a difierence of level in the two vessels of fig. 7 by 
pumping the water out of the one on the right back into the one on 
the left, a current of water will flow continually through the connecting 
tube from the vessel with the higher water-level into the vessel with 
the lower. 

By connecting the inner coatings of the Leyden jars (fig. 8) with 
the two terminals of an electrical machine, we can maintain a potential 
difierence between them. A current of electricity then flows continually 
from the jar with the higher potential to the jar with the lower. 
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TEus just as tEe water current only persists so long as tEere is a 
difference of level in tEe two vessels and a connecting tube between 
tEeiUj so also does tEe electric cEarge only go on flowing from tEe one 
Leyden jar into tEe otEer so long as tEere is a potential difference and 
a conducting connexion between tEem. TEe potential difference pro¬ 
ducing the motion of electricity is frequently referred to as tEe electro¬ 
motive force (E.M.F.). 




ou 






Fig. 8 (o) and (6).—Equalization of potential in condensers 


We measure tEe strengtE of a current of water in a pipe by means 
of tEe quantity of water passing any section of tEe pipe in a second. 
Preserving tEe analogy between currents of water and of electricity, 
we make tEe following definition: 

TEe strength of an electric current flowing in a conductor is measured 
by the quantity of electricity passing any section of the conductor per 
second. 

2. Detection of Electric Currents 

Characteristic Properties of Currents.—^Up to the present we have 
deduced tEe existence of an electric current merely from tEe disap¬ 
pearance of a potential difference; for so far we Eave not become 
acquainted witE any otEer" metEod of determining wEetEer a current 
is flowing in a given conductor or not. Making use again of tEe analogy 
of tEe two vessels .of water connected by a'tube, it is as tEougE we Ead 
deduced tEe existence of a water current tErougE tEe tube merely from 
the equalization of tEe water-levels in tEe two vessels. Extending tEis 
type of deduction, we can conclude that a current is flowing wEenever 
we Eave to perform work in order to maintain tEe difference of potential 
(or of water-level). But tEere are otEer, more easily observable cEarac- 
teristic properties of currents, wEicE will be found later to provide 
a means of treating current phenomena in a quantitative way. We 
proceed to consider these properties. 

1. Magnetic Field of a Current,'^—A conductor through which an- 
electric curren;t is flowing is surrounded by a magnetic field, 

* This eflect of a current outside the conductor carrying it was first discovered in 
1820 by the Banish physicist Oebsted when experimenting with a magnetic needle 
placed in the neighbourhood of a thin platinum wire, through which was flowing a cur¬ 
rent strong enough to make it glow. He thought at first that the cause of the observed 
deflection of the magnetic needle was to be sought in the heating of the wire. But 
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If W6 t8)E6 a wire tlirotigE wMch. an 6l6ctric current is flowing', dip 
it into iron filings and remove it again, the filings remain hanging on 
to the wire in peculiar clusters. The particles of iron appear to arrange 
themselves in circular chains around the wire. If the wire be made 
horizontal and a piece of stiff paper laid upon it, iron filings scattered 
upon the paper will become arranged in short straight lines when the 
paper is tapped lightly. These lines are at right angles to the length 
of the wire, as shown in fig. 9. 

The arrangement of filings shown in fig. 10 is that obtained when 
the plane upon which the fihngs are placed (paper or glass plate) is at 



Fig. 9.—^Magnetic field in Fig. lo.—Magnetic field in a plane at right 

the plane of a conducting wire angles to a wire carrying a current 

carrying a current. 


right angles to the wire, which in this case is made to pass vertically 
through a hole in the plane of the figure. It is seen that the arrange¬ 
ment consists of concentric circles whose centre lies at the point of 
intersection of the wire with the plane of the figure. Since now the 
filiags indicate the course of the lines of force of the magnetic field, it 
follows that a wire carrying an electric current is surrounded by mag¬ 
netic lines of force in the form of concentric circles with their centre 
in the axis of the wire (fig. 11). 

An electric current flowing near to a freely suspended magnetic 
needle acts upon the needle so as to tend to make it take up a position 
at right angles to the current. The action of the current is most marked 
when the wire carrying it is situated above or below the needle and in 

lie soon found that the needle was also affected by weak currents flowing through, 
thick wires in which, no detectable beating effect was produced. In the same year the 
French physicist Ampere (1775-1836) established the simple relationship connecting 
the sense of the deflection of the magnetic needle with the sense of the current (see 

p. 161). , 
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tlie direction of the magnetic meridian, i.e. in such a position that 
needle and wire are parallel when no current is flowing. 

These results can be deduced at once from the course of the mag¬ 
netic lines of force, since the magnetic needle always tends to set 
itself in the direction of the tangent to the lines of force. 

A wire wound into a coil (so-called solmoid, fig. 12) gives rise to a 
magnetic field of especially simple form (for further details, see p. 170). 
When a current flows through the wire, the magnetic lines of force 
run in exactly the same way as in the case of a bar magnet. Conse¬ 
quently the forces exerted upon other coils or magnets are the same as 



Fig. II.—Magnetic field of Fig. 12.—^Magnetic field of a closely wound 

a conducting' wire through solenoid 

which a current is flowing. 


would be exerted by a bar magnet. A magnetic needle placed witMn 
tbe coil tends, wben a current flows, to set itself in the direction of the 
axis of the coil, i.e. along the lines of force, which can thus be proved 
in this case to pass without break through the interior of the coil. 
A piece of soft iron is attracted into the coil. 

2. Thermal Effects.—When a current flows through a conductor, the 
conductor is heated. 

This efiect is very widely applied in incandescent lamps. 

It may be mentioned at once that an electric current is always 
surrounded by a magnetic field. Moving electric charges or moving 
electric lines of force are impossible without a magnetic field. Thus 
the magnetic field is in a certain sense only another aspect of electric 
lines of force in motion. An electric current without thermal effect is, 
on the contrary, quite possible, though only under special circumstances. 

3. Chemical Effects.—Chemical changes occur when an electric 
current passes through liquid conductors. 

Experiment .—Connect the two binding screws of the apparatus shown in 
fig. 13 with the poles of the direct current mains (say 220 volts), including a switch 
in the circuit. The apparatus consists of an incandescent lamp, which lights up 
brightly when connected directly to the mains, and two plates of platinum dipping 
into a vessel containing distilled water. The plates are held in stands, so that 
their distance apart can be varied. 
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When the switch is closed, the lamp does not Hght. There is therefore no 
ciirtent in the circxiit. But i£ the platinum plates are made to touch, the lamp' 
glows at once with normal brightness. From this it follows that the reason why 
no current flows when the platinum plates are not in contact is that the layer of 

distilled water between them does 
not conduct electricity. 

Now adjust the platinum plates 
at a distance of several centimetres 
apart and introduce a few drops of 
sulphuric acid upon a glass rod, 
stirring so as to mix with the 
water. The lamp immediately 
lights up brightly. The addition 
of the acid has rendered the water 
conducting. At the same time 
bubbles of gas are observed to rise from the platinum plates. These gases turn 
out, when tested, to be hydrogen and oxygen respectively. 

Water can also be made to conduct by tbe addition of other sub¬ 
stances. Not all substances produce this effect, however, and those 
which do are not all effective in the same degree. 
Thus, for example, water remains non-conducting no 
matter how much cane-sugar solution is added to it. 

It is clear from the above experiments that the 
substances added to the water take an active part in 
the process of conducting the current. Conductivity in 
a liquid is thus dependent upon the presence of 
certain substances, and is accompanied by chemical 
change. 

The plate which is connected to the positive pole 
of the source of electricity, i.e. the plate at which the 
positive current enters the liquid, is called the anode."^ 
The other plate, at which the positive current leaves 
the liquid, is called the cathode.* 

The liquid conducting the current is called the 
electrolyte,! and the whole process is known as 
electrolysis. 

4. Luminous Effects. — Connect a fairly well 
Fig. 14.—Lumin- tube Containing a little residual air 

ous effectof an elec- (%• 14) to thc poles of an influence machine. A 
parses through the tube, which lights up 
brightly with only a moderate evolution of heat. 
The same phenomenon is observed when a so-called neon lamp (i.e. a 
glass globe filled with neon at low pressure and provided with suitable 

Gr., hodds, way. Anode, way in’, cathode, way out. 

t Gr., ^ loosing; lytds, capable of being loosed. Electrolyte, the substance 
Sdc current current. Electrolysis, the process of decomposition by the 
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i;erxiiinals) is comiected to the lighting mains. Thus the energy of the 
electric current can be made to produce light in a more direct way than 
by raising a body to incandescence, as in the ordinary filament 
lamp. 

Current Indicators.—Each of the above effects can be used for the 
detection of a current and, after the indicating instrument has been 
-calibrated in suitable units (p. 153), to measure the current. A very 
large number of different types of instruments have been developed, 
the more useful of which will be discussed in greater detail in their 
proper places. For the present it will suffice to describe a few of the 
simpler forms which can be used for the detection of a current and, if 
necessary, for the indication of its constancy (see further pp. 210-215). 

The simplest of these devices is the hot wire instrument. In this use is made 
of the elongation of a wire when heated by the passage of the current. The elon¬ 
gation is either observed directly or else magnified by suitable lever transmission 
>(figs. 6 and 7, p. 257). The-thermal expansion of an enclosed volume of aic 
surrounding the wire can also be utilized. 

Instruments depending upon the magnetic effects of the current can be made 
more sensitive. A device for the detection of electric currents with the help of a 
magnet is called a galvanoscope. If it pernoits also of a quantitative measurement 
of the current, it is called a galvanometer. The most primitive form of galvano- 
;SCope is that shown in fig. 15. It consists of a box en¬ 
closing a magnetic needle, which is balanced upon a fine 
point by means of a small agate cone. The box is provided 
on opposite sides with two binding screws, which are con¬ 
nected by a single straight copper wire placed close beneath 
the needle. The instrument is turned tiU this wire lies 
in the magnetic meridian, and the current is passed through Fig. is. —Simple 

it. The deflection of the needle is in this case produced by galvanoscope 
use of a single conductor. 

It is of advantage by using a conductor of suitable shape to give the magnetic 
field such a form that the action upon the magnetic needle is as great as possible. 
An especially good way of acliieving this is to bend the wire into a loop; for then, 
.as follows from the nature of'the field (fig. 12, p. 139) and as will be explained 
fully later, every part of the conductor acts in the same sense upon the mapietic 
needle. In the same way we see that the individual turns of a coil all act in the 
same sense. The action of a- current upon a magnetic needle can therefore be 
increased by sending the current through a coil with many turns.* 

The deflecting action of a given current increases as the distance of the con¬ 
ductor from the needle is decreased. Hence we see that the essential constituents 
of a sensitive galvanoscope are (i) a magnetic needle capable of rotation and 
.(ii) a coil with many turns surrounding the needle and as near to it as possible. 

In the vertical galvanoscope shown in fig. 16 the conducting wire is wound 
upon a narrow horizontal bobbin. The magnetic needle (shown dotted) lies 
horizontally within the coil, and can turn about a horizontal axis at right angles 

* SonwEiOGEE (1779-1857) showed at Halle in 1820 that the deflecting action of 
an electric current upon a magnetic needle could be increased or “ multiplied ” by 
leading the wire a number of times around the needle. Sebbeok (1770—1831)^ gave the 
name “ multiplier ” to Schweigger’s apparatus. The name galvanometer is due to 
PoaGlEfDonEB (1796-1877). It is not very aptly chosen, as Galvaxi was unaware of 
the magnetic action of electric currents. 
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to the plane of the figure. There are two independent windings upon the bobbin: 
the first consists of a few turns of thick wire and the second of many turns of thin 
wire. These windings end in respective pairs of binding screws on opposite sides 
of the bobbin, and can be used independently. The magnetic needle bears a ver¬ 
tical upward pointer, which moves over an easily read scale. Vertical galvano- 
scopes of this type are frequently used for lecture 
experiments and in other cases in which the deflec¬ 
tions are to be visible from a distance. 

Another convenient form of current indicator 
depends upon the attraction of a piece of soft iron 
into a coil through which a current is passing (fig. 81, 
p. 215). 

Concerning other types of instrument see p. 214. 
Galvanometers with a magnetic needle as mov¬ 
able part are little used nowadays, because they 
are influenced by the earth’s field (p. 128) and can 
therefore only be employed in one particular position, 
namely that in which the magnetic needle is parallel 
Fig. 16.—Vertical galvanoscope wire when no current is flowing. Most modern 

instruments depend upon the motion of a conductor 
bearing a current in a magnetic field. Li order to make this magnetic field 
practically independent of the earth’s field, it is produced either by a strong 
permanent magnet or else by the current itself. 

Equivalence of the Different Types of Conduction.—Every electric 
current, whether in a solid, liquid or gaseous conductor, is accompanied 
by a magnetic field and generally also by a development of heat.* 

Exjperiment. — A. U-shaped glass tube about 10 cm. in length is filled with 
dilute sulphuric acid and the terminals of the direct-current mains connected to 
two platinum plates dipping in the liquid as shown in fig. 17. A current flows 
through the liquid and gas is evolved copiously at the electrodes. Soon the liquid 




Fig. 17.—Thermal and magnetic effects of a current in an electrolyte 

becomes noticeably warm. A magnetic needle placed above the tube is deflected 
in exactly the same way as by an equal current flowing through a wire in the 
place of the tube. 

Similar observations can be made upon a glass tube filled with air under 
reduced pressure. In this case, however, greater E.M.F.s. must be applied in 
order to obtain currents of sufiS.cient strength. The E.M.F. of the lighting mains 
suffices for a tube fiffied with neon and fitted with specially prepared electrodes 
(p. 340). Here again it is possible to observe, in addition to the luminous glow, a 
(slight) warming and also a magnetic effect. 

* Concerning the absence of heat development under special circumstances in 
solids and rarefied gases see pp. 246 and 312. 
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Current Direction (or Sense). —^It lias been decided to cboose tie 
direction (or sense) of flow of the positive electricity as the direction 
(or sense) of the electric current in a conductor. Thus: 

The direction of the current is that in which the positive electricity 
flows or would flow.* 

* This decision is not a happy one, because in metallic conductors (the most widely 
employed type of conductor) it is only the negative electricity wbich moves (§ 1, 
p. 361). Hence in metals the direction of flow of electricity, i.e. the motion of the 
electrons, is just opposite to the “ direction of the current ”, as defined above. 



CHAPTBE IV 


Quantitative Determination of Current 
Strength 

1 • The Products of Decomposition due to the Passage of a 
Current through an Electrolyte ^ 

As was stated on p. 140, only certain liquids, known as electrol3rfces, 
have the power to conduct an electric current. The current is accom¬ 
panied by chemical changes at the electrodes. We will now consider 
the nature of these changes and their quantitative relation to the 
strength of the current. 

In order to hecome acquainted with the phenomena, we will first take a few 
examples. 

L Electrolysis oj Fused Lead CAfonde.—With the help of a Bunsen burner 
we melt some lead chloride in a U-shaped tube (see fig. 1) made of hard glass. 

The quantity of lead chloride should be 
sufficient to fill the bend of the tube 
and a fraction of both limbs. We then 
dip two thin rods of carbon into the 
fused substance, one in each limb as 
shown in the figure, and connect them 
with the terminals of a source of current. 
The rods are carried in corks, that 
hearing the anode being fitted with a 
bent glass tube as shown. When the 
current is switched on a gas is seen to 
be evolved from the anode; it is recog¬ 
nized at once by its smell to be chlorine. 
It may be collected for further exam¬ 
ination in a vessel placed under the bent 
tube. Small globules of metal are 
formed at the cathode, from which they 
separate when they have attained a 
certain size, falling and collecting in 
the bend of the U-tube, After 10 

* In the course of the year 1800, ISTiOHOLSOir and Carlisle were able to give a 
complete explanation of the electrolysis of water. Previous to this, various investi- 
gatop had made random observations, but had usually interpreted them wrongly. 
In the same year Jqeank W. Kittbe, then at Jena, carried out independent experi¬ 
ments and made equally comprehensive discoveries. He was also the first to decom¬ 
pose a metallic salt, namely, copper sulphate. 
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Fig. I.—Electrolysis of fused lead chloride 
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minutes the contents of the tube are tipped out and the metallic globules can 
be shown to consist of lead. Thus the current has decomposed a part of the lead 
chloride in accordance with the equation 

PbCl2->Pb + Cl2. 

2. Electrolysis of an Aqueous Bolution of Lead Acetate .—^We fill a suitable 




Fig. 3.—^Electrolysis of 
an aqueous solution of 
common salt. 



Fig. 4. — Electrolysis of an 
aqueous solution of common 
salt with mercury cathode. 


cannot have been derived from the sodium chloride, but can only have come 
from the water in which the salt was dissolved. , ^ i .3 -ui 

Ji the electrolytic process in this case were,analogous to that for lead cMonde, 
it would occur in accordance with the equation 

2 Na 01 2 hra + Cl^. 

We have seen, however, that no sodium is deposited, hytogen being ^^Ived 
instead from the water. We shall go into the reason for this in detail (P* 

The liquid in the neighbourhood of the cathode has &n’alJcahne 
easily be proved by the addition of litmus^ (see p.^ 146). If a cathode of mer¬ 
cury (instmd of carbon or platinum) be used, say in an appaxato 
shown in fig. 4 , then there is no evolution of hydrogen; sodium is actually 

(B5 617> . 
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deposited and forms sodium amalgam with the mercury. The amalgam can he 
removed and the sodium in it detected, for example, by means of the copious 
evolution of hydrogen on warming with water. 

4. Electrolysis of a Solution of Sodium Nitrate. —^If sodium nitrate (ISTaNOg) 
be used in place of sodium chloride, hydrogen is evolved at the cathode and 
oxygen at the anode. A little litmus solution added to the liquid gives it a violet 
colour. Passage of the current turns the colour to red 
near the anode and blue near the cathode. Thus near 
the anode the liquid has become acid and near the 
cathode alkaline. 

Use is made of this in pole-testing papers, in which, 
however, the litmus is replaced by phenolphthalein, a 
substance which is colourless in acid solution but 
intensely red in alkaline solution. The pole-testing 
paper consists of a strip of absorbent paper impregnated 
with phenolphthalein and potassium nitrate. It is 
stored in a dry state. Before use it is moistened slightly 
and then the wires from the poles of the source of 
current are placed in contact with it at a short distance 
apart. A red coloration appears at once at the point of 
contact of the wire connected to the negative pole, 

5. Electrolysis of Dilute Sulphuric Acid. —The appa¬ 
ratus shown in fig. 5 is filled with dilute sulphuric 
acid. The side tubes are equipped with small platinum 
electrodes, which are connected to the poles of the 
source of current. The circuit being made, bubbles of 
gas are evolved from both electrodes, and are collected 
in the upper parts of the side limbs beneath the closed 
taps. A certain amount of the acid is thereby displaced 
and driven up the central tube. The volumes of the 
Fig. 5 —Electrolysis of dilute evolved are in the ratio 2:1. Chemical 

sulphuiic acid investigation shows them to be hydrogen (evolved at 

the cathode) and oxygen (at the anode). 

In this process the hydrogen has come from the sulphuric acid, but the oxygen 
has been formed by a secondary reaction (see below). 

Conclusion from the above Experiments .—The results of the experi¬ 
ments 3 to 5 can be taken to indicate that, as directly observed in the 
case of fused lead chloride, the electrolyte is separated into two con¬ 
stituents; these may, however, in certain circumstances react with 
the water, thus giving rise to secondary products. 

Note. ^According^ to this view the primary electrolysis of sodium chloride 
solution takes place in accordance with the equation 

2]SraCl -> 2]Sra + Clg. 

The metallic sodium formed in this primary process then reacts with the water, 
decomposmg it at the cathode in accordance with the equation 

2Na + 2 H 2 O ^ 2NaOH + 

^e hydrogen thus formed escapes at the cathode as observable end-product of 
the electrolysis, while the sodium hydroxide dissolves in the water and can be 
detected by its alkaline reaction. 
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The electrolysis of sodium nitrate takes a similar course. The secondary 
reaction at the cathode is the same as that given above. At the anode the nitrate 
radical reacts with the water., 

4NO3 + 2H2O 4HNO3 + O2, 

evolving oxygen and forming nitric acid. 

In the case of dilute sulphuric acid the whole process is as follows: 

primary electrolysis: H 2 SO 4 Hg + SO 4 ; 
secondary chemical action: 280^ + 2 H 2 O 2 H 2 SO 4 + 

Thus the hydrogen evolved at the cathode is produced in the primary electrolysis, 
whereas the oxygen evolved at the anode is a secondary product due to the 
reaction of the acid radical, which cannot exist in the free state, with the 
water. 

Althougli such, secondary cliemical processes play a part in many 
cases, the evolution of hydrogen or of oxygen (the latter from the 
water radical OH) is very often primary (for further details see p. 
287). Thus, the formulae given in the above note, though they give the 
right end-result of the whole process, do not always provide a correct 
account of its detailed course. 

We can draw the following general conclusion from the experi¬ 
ments described above: 

When an electric current passes through an electrolyte, either the 
metal or hydrogen separates at the cathode and either the acid radical or 
oxygen at the anode. 

When hydrogen is evolved at the cathode, the liquid in this region 
becomes alkaline: when oxygen is evolved at the anode, the liquid 
there becomes acid. 

Concerning the nature of the chemical processes involved, we can 
say in general that at the cathode there is always a chemical reduction, 
at the anode a chemical oxidation, 

2. Relation between Quantity of Electricity and Quantity 
of Substance decomposed. Faraday’s First Law of 
Electrolysis 

The next question we have to consider is the following. What is 
the relation between the quantity of electricity transported through 
the electrolyte and the quantity of substance deposited or evolved? 

To obtain the answer we perform the following experiment. 

Ex^efimmt, —an electric circuit we include several electrolysis tubes con¬ 
taining dilute sulphuric acid. The arrangement of the tubes is shown in fig. 6 . 
Each tube is so constructed that the liquid can he let ofi through the tap, thus 
allowing of equalization, of the levels in both limbs after a certain quantity of 
gas has been collected in the closed limb. This having been done for all the tubes. 


* The complete answer to this question was provided by Faraday (1833). 
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all the different amounts of gas are at atmospheric pressure and their volumes 
are therefore comparable. The arrangement of the tubes in the circuit (fig. 6) 
is such that the current coming from one pole of the source passes first through 
two tubes connected in parallel. The two branches of the circuit then unite and 
the whole current passes through a single tube. The wire then divides again into 
three branches, leading to three more tubes arranged in parallel. The current 
thus passes through these three tubes simultaneously. The three branches of the 



Fig. 6.—^Relation between the quantity of substance liberated electrolytically and the 
current strength 


wire then unite again and lead to the other pole of the source of current. A cur¬ 
rent measurer (galvanometer, p. 141) is also included in the circuit. When a 
current flows, electrolysis occurs in all six tubes simultaneously, an explosive 
mixture of hydrogen and oxygen being evolved in each. 

After the current has been passing for a certain time, we break the circuit 
and then adjust the liquid levels so that they are the same in both limbs of each 
of the tubes. 

We thus obtain the following result. The volume of gas mixture 
evolved in the middle single tube is e(jual to the sum of the volumes 
of the gas mixtures in the two tubes connected in parallel. Further¬ 
more this volume is also equal to the sum of the volumes in the three 
tubes connected in parallel. 

Now equal quantities of electricity pass through every section of a 
circuit carrying an electric current; for if this were not true, elec¬ 
tricity would be dammed up somewhere and the corresponding portions 
of the conductor would become charged. These charges would even¬ 
tually stop the current (p. 154). Hence the amount of electricity 
flowing in a certain time through the middle single tube must be equal 
to the total amount flowing in the same time either through the two 
tubes in parallel or through the three tubes in parallel. It does not 
matter whether the tubes which are connected in parallel are of the 
same or different sizes; for each group the sum of the volumes of gas 
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mixture developed is found to be equal to the volume developed in 
tbe middle single tube. It is found further that the temperature has 
no influence upon the amount of substance decomposed. We are 
therefore led to the following conclusion: 

The quantity of substance decomposed by the passage of an electric 
current through an electrolyte is dependent only upon the quantity of 
electricity which passes. 

We can obtain a more precise relationship between the quantities 
of electricity and of substance electrolysed. While the current is 
passing through the tubes, we measure the quantities of substance 
evolved at different times. By means of a suitable instrument con¬ 
nected in the circuit we can easily see whether the current strength is 
constant. If this is the case, we find that the quantity of substance 
liberated is proportional to the time the current has been flowing. 
Thus, for example, twice the volume of gas is evolved in twice the 
time. Since now the quantity of electricity which has passed is also 
proportional to the time, it follows that twice the quantity of elec¬ 
tricity decomposes twice the quantity of electrolyte, i.e. the amount 
of electrolysis is directly proportional to the quantity of electricity 
which has passed. 

Experiment .—We can also obtain this result in the following way. If the 
three tubes connected in parallel (to the left in fig. 6) are exactly identical and 
if the branch wires leading to and from them are equal, then it follows from the 
symmetry of the arrangement that, when the tubes all contain the same liquid, 
the current flowing through each is the same i.e. J of the total current flowing 
through the middle single tube. It is found, in fact, that equal volumes of gas 
mixture are evolved in each of the three tubes connected in parallel, and also 
that each of these volumes is ^ of that evolved in the middle single tube. 

The following relationship, the first of Faraday’s laws of electro¬ 
lysis, therefore holds: 

The quantity of the decomposition products formed by passage of 
an electric current through an electrolyte is directly proportional to the 
quantity of electricity which passes. 

3. The Application of Faraday’s First Law of Electrolysis 
for the Measurement of Charge and Current. Cou- 
lombmeters (so-called Voltameters) 

Faraday’s first law of electrolysis can obviously be applied for 
measuring quantities of electricity. The volumes of hydrogen-oxygen 
mixture in the experiments of the last section are direct measures of 
the quantities of electricity which have passed through the respective 
tubes. It only remains to decide what volume of gas corresponds to 
urdt quantity of electricity (see below). 

Instruments in which the ’electrolytic action of an electric current 
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is employed for tlie measurement of quantity of electricity are called 

coulombmeters."^ 

The Hydrogen-Oxygen Coulombmeter. — This is shown in fig. 7. 
Instead of collecting the explosive mixture of gases evolved at both 
electrodes, the hydrogen generated at the cathode and the oxygen 
generated at the anode may be collected separately and their volumes 
added (see, for example, fig. 5, p. 146). 

This type of coulombmeter has several disadvantages. The volume of oxygen, 
which, ought to be exactly half that of the hydrogen simultaneously evolved, is 
always somewhat too small, because oxygen is rather more soluble in water than 
hydrogen, further, a smaU fraction of this oxygen is transformed by the elec¬ 
trolysis into oaone. 

The first source of error can be removed or at least diminished by not using 
the apparatus for measurement until the electrolysis has run for some time, i.e. 
until the liquid can be assumed to be saturated with oxygen. The second source 
of error can never be completely removed. Since one 
molecule of ozone contains three atoms of oxygen, whereas 
one molecule of oxygen contains only two atoms, the 
volume occupied by the gas evolved at the anode is 
always somewhat smaller than is to be expected theo¬ 
retically. 

Tor these reasons, the more practical procedure is to 
measure only the volume of hydrogen evolved, and then 
to calculate from this the theoretical volume of the 
explosive mixture by multiplymg by |. 

In the instrument shown in fig. 7 and also in the 
tubes used in the experiment of fig. 6, p. 148, both 
gases are collected and measured together. This type 
of coulombmeter is specially suitable for measurements 
with strong currents, since the two electrodes are very 
close together, i.e. the internal resistance of the instru¬ 
ment is only small. The upper part of the apparatus is 
usually provided with a thermometer, in order that 
the measured gas volume may be corrected to 0° C. 

The volume must also be corrected to 760 mm. pressure. To obtain the actual 
pressure of the gas at the measured volume, the atmospheric pressure (as read off 
from a barometer) must be diminished (i) by the height of the column of mercury 
equivalent to the column of liquid between the level of the liquid in the container 
and that of the liquid in the measuring tube, and (ii) by the vapour pressure of 
the water vapour in the measuring tube. Since the gas comes directly out of the 
liquid, it is saturated with water vapour. The corresponding vapour pressure 
can therefore be obtained from Table V, Vol. II. The values given there are for 
vapour over water. In the coulombmeter, however, the vapour is over dilute 
sulphuric acid (about 15 per cent); the values taken from the table mxist there¬ 
fore be multiplied by 0*9, the ratio of the saturated vapour pressure over 15 per 
cent sulphuric acid to that over pure water. The following Table III gives the 

* Faraday called these instruments volta-electrometers, as ho used a voltaic pile 
for his experiments. The name voltameter is derived from Faraday’s term. On account 
of the fact, however, that, the name voltmeter is now generally used for instruments 
measuring potential difference, it is better to use the name coulombmeter for instru¬ 
ments measuring quantity of electricity, seeing that the unit of quantity is called a 
coulomb (p. 153). ' 






i 



Fig, 7.—^Hydrogen-oxygen 
coulombmeter 



MEASUREMENT OF CHARGE AND CURRENT 151 


volumes of hydrogen-oxygen mixture (in cm.®) generated by 1 coulomb at the 
temperature f C. and pressure p = (5 ± ^h) mm., where 6 is the external baro¬ 
metric pressure, and h the height of the dilute sulphuric acid in the measuring 
tube above that in the container. 
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In order to avoid the disadvantages of the above type of coulomb- 
meter, instruments have been devised in which the subsidiary effects 
are less disturbing, and in which the determination is by weighing, a 
very accurate operation, instead of by volume measurement. 

The Co'p'per Coulombmeter, —The electrolyte used is a concentrated 
solution of copper sulphate. In order to repress secondary effects it 
is made somewhat acid and some alcohol is added. A thin, carefully 
weighed copper plate is used as cathode, the copper deposited upon it 
being weighed. The anode is a thicker plate of the same area made of 
chemically pure copper. The copper coulombmeter can be used with 
advantage with strong currents, since large copper plates can be 
employed. 

Owing to secondary reactions occurring at the anode (p. 291), a fine sludge 
of copper is precipitated there (anode sludge). For this reason the loss of weight 
of the anode cannot be used as an additional measure of the quantity of electricity 



The Mercury Coulombmeter, —This is sometimes used in electrical 
engineering for the indication of quantities of current electricity 
or, at constant 
potential dif¬ 
ference, for the 
measurement 
of electrical 
energy (p.252). 

It consists 
(fig. 8) of a ring- 
shaped mercury 
anode A, an elec¬ 
trolyte contain¬ 
ing mercury salts 
and a carbon 
cathode K. The 
latter is so ar¬ 
ranged that the 
mercury libera- 
Fig. 8.—Mercury ted at it falls 

coulombmeter down into a glass 

tube G, in which 
its level can be read off upon a scale 
H as in a thermometer. The scale is 
calibrated so that it indicates amounts 
of electricity which flow through the 
instrument. When the level in H gets 
too high, the mercury can bo run back 



Fig. 9.—Silver coulombmeter 


into the anode mercury A by tilting the whole apparatus. The instrument 
reads correct to about 2 per cent, an accuracy sufficient for practical purposes. 

The Silver Coulombmeter.—A. practical form of silver coulomb- 
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meter is shown in fig. 9. The electrolyte is an aqueous solution of 
silver nitrate. The anode is a rod of pure silver clamped at its upper 
end in a suitable stand. Its lower end is enclosed in a small bag of 
clean linen, to prevent the falling away of particles which may become 
mechanically detached. This anode dips into the electrolyte, which is 
contained in a platinum vessel standing upon a metal base connected 
to the negative pole of the source of current. The platinum vessel 
thus acts as cathode. It is first cleaned and weighed, then filled with 
silver nitrate solution, and the silver anode dipped in. The quantity 
of electricity to be measured is passed through the instrument and 
the platinum vessel is once again emptied, carefully rinsed out, dried 
and weighed. 

When correctly used, the silver coiilombmeter gives results of 
extreme precision; it has therefore been used internationally for the 
definition of the unit quantity of current electricity. 

4. Definition of the Units of Charge and of Current Strength 

The Unit of Electric Charge.—On account of its easy and very 
accurate reproducibility the following quantity of electricity has been 
decided upon internationally as the unit: 

The unit quantity of electricity is that auantity which deposits 
1T18 mgm. of silver at the cathode when passed through a silver cou- 
lombmeter."^ 

This unit bears the name 1 coulomh. 

Comparison with the Quantities of Electricity measured in Electrostatics.—In 

order to get an idea of electrostatic effect of the quantity of electricity passing 
through an electrolysis apparatus, we will measure with the help of a coulomb- 
meter the quantity of electricity stored up in a condenser. For this purpose we 
employ the circuit shown in fig. 10 and allow the discharge of the condenser to 
pass through the coulombmeter. The change-over switch enables us first to 
connect the condenser with the mains, thus charging it up, and then to short- 
circuit it through the coulombmeter. Since, as we shall see, the volume of gas 
evolved is only small even if the capacity of the condenser is very great, we em¬ 
ploy a hydrogen-oxygen coulombmeter with a very narrow collecting tube gradu¬ 
ated in mm.®. The best arrangement (fig. 11) is to have a capillary tube with a 
funnel-shaped lower end, closed above by an exactly fitting movable wire. By 
sliding this wire down, any hubbies of gas which may remain clinging to the 
walls can be detached and made to enter the capillary. As condenser we employ 
ten paper condensers each of 2 jxf. (telephone condensers, p. 85) connected in 
parallel, the whole therefore having a capacity of 20 yi. To this battery of con¬ 
densers we apply a potential difference of 220 volts by connecting it, for example, 
to the direct-current lighting mains. We then discharge it through the coulomb¬ 
meter. This produces a noticeable evolution of gas. In order to be able to read 
the volume more exactly, we repeat the process twenty times. We then obtain 
16*7 mm.® of hydrogen-oxgyen mixture. Since now 0T9 mm.® of the mixture 
corresponds to 1.10"® coulombs of electricity (at room temperature and mean 
barometric pressure), the quantity of electricity which has passed through our 

* For the reasons for choosing this quantity see p. 193. 
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mstrument is (16-7/0-19). 10"® = 88.10"® coulomb. Each discharge therefore 
involved (88.10"®)/20 = 44.10"® coulomb. This quantity of electricity was 
stored up in the condenser battery at a potential difference of 220 volts; the 
quantity stored up at a potential difference of 1 volt would therefore be 
20.10“® coulomb == 20 microcoulombs. These figures hold on the assumption 
that the condenser arrangement employed has a capacity of 20 p,f. (see p. 73). 
This is a quite unusually great capacity, however; ordinary arrangements (such 
as leads, electrometers, &c.) have capacities which are very much smaller, so 
that even at large pressures only fractions of a microcoulomb can be stored up 



Fig. 10.—Measurement of the quantity Fig. 11.—Microcoulombmeter 

of electricity stored up statically in a (after Mie) 

condenser. 


statically in them. In contrast to this, a pocket flash-lamp battery can furnish 
some 10,000 coulombs before it is exhausted. We see, therefore, how very much 
greater are the quantities of electricity which we use as currents than the quan¬ 
tities which the conductors can bear statioaHy (see also p. 487). 

In this connexion it is instructive to remark that the quantity of electricity 
discharged in the course of a severe thunderstorm is about equal to that furnished 
by an ordinary bell battery during its useful life. The difference lies in the 
potentials, and in the extremely short time taken by the discharge in the case 
of lightning as compared with the time over which the bell battery discharge 
extends. 

The Unit of Current Strength.—An electric current can be com¬ 
pared in a certain sense with a current in an incompressible liquid 
(e.g. water), since the same quantity of electricity (or liquid respec¬ 
tively) passes through every cross-section of the wire (or pipe). 
Even neglecting the magnetic field which is always associated 
with an electric current (p. 138), there is, however, an important 
difference between the two kinds of current, namely, the fact that 
in certain circumstances the electric current may be made up of two 
parts, the current of positive electricity and the current of negative 
electricity. These two partial currents are in opposite senses, and 
therefore add together. It is important to note that only the sum of 
the positive and negative currents is constant for all cross-sections of 
the conductor (p. 270). If the current strength were not the same at 
all cross-sections of the conductor, then in the case of the stationary 
or steady currents (i.e. constant in time) considered here there would 
necessarily be a damming up of electricity at some poiats and a corre- 
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sponding charging up of certain parts of the conductor. But in con¬ 
sequence of the small capacity of the conductor and the comparatively 
enormous quantities of current electricity (see above), this would cause 
such high potential differences that the current would necessarily very 
soon cease to flow; for the potential differences giving rise to the 
motion of the electricity would be neutralized.* Thus, in the case of 
steady currents, “electricity’’ behaves like an incompressible liquid 
driven along through a system of pipes. 

We have already (p. 137) defined “current strength” as the quantity 
of electricity passing through any cross-section of the conductor in 
a second. As pointed out above, we have to understand quantity of 
electricity to mean the sum of the quantities of positive and negative 
electricity. 

The international unit of current strength is called 1 ampere.f 

The strength of a current is 1 ampere when, flowing uniformly 
through a silver coulombmeter, it deposits 1T18 mgm. of silver per 
second. 

Thus in the case of a current of 1 ampere, 1 coulomb of electricity 
passes every cross-section of the conductor per second. 

Quantity of electricity can therefore be expressed as the product 
of current strength and time. Since current strength and time can be 
readily measured, this method is often of advantage. 1 coulomb being 
equal to 1 ampere-second, the name ampere-second is often used for 
the unit quantity of electricity. We shall keep to the name coulomb, 
however, since it is better to use a proper name for a concept, like 
quantity of electricity ”, of which we can form some kind of direct 
mental picture. 

Current Density.—The current density G is the total quantity of 
electricity passing per second through unit area at right angles to the 
current. It is given therefore by the quotient of current strength I 
divided by the area A through which it flows, i.e. G == I/A. 

5. The Relation between the Masses of Different Sub¬ 
stances electrolysed by the same Quantity of Current 
Electricity. Faraday’s Second Law of Electrolysis 

We will now consider the following question. What is the relation 
between the quantities of different substances liberated from different 
solutions by the passage of the same quantity of electricity? 

Experiment .—^To obtain, an answer to this question, we connect a copper 
coulombmeter, a silver coulombmeter and a hydrogen-oxygen coulombmeter in 
series in the same circuit (fig. 12). We allow the current to pass for a few minutes 

* These considerations do not necessarily hold for currents which are not steady. 
(See Chap. XVI, p. 667), 

I Abbreviated to amp. after numerical data. 
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and tlaen deterroine the amounts of the different substances liberated. Supposing 
that the mass of silver deposited in 10 m i n, is 0*108 gm., then the mass of copper 
deposited by the same quantity of electricity is 0*032 gm. and the (corrected) 
volume of hydrogen-oxygen mixture is 16*8 cm.^, i.e. 
0*009 gm. (hydrogen -f oxygen). 

Inspection of the numbers so obtained leads 
to the following law, known as Faraday’s second 
law of electrolysis: 

The weights of different substances liberated 
in equal times by currents of the same strength 
(i.e. by equal quantities ofSfelectricity) are in the 
ratio of the corresponding chemical equivalent 
weights, i.e. in the ratio of the quotients of the 
atomic weight divided by the valency of the 
respective elements, or the molecular weight 
divided by the valency in the case of radicals. 

As can be seen from the chemical formulae HCl, NaCl, AgNOg, 
H 2 O, ZnClg, H 2 SO 4 , CUSO 4 , HgClg, FeClg, the following quantities of 
different elements and radicals are chemically equivalent: H, Cl, 
Na, Ag, NO 3 , iO, iZn, iCu, fHg, Pe. 

Hence the same quantity of electricity which liberates 1*008 gm. 
of hydrogen will liberate 35*46 gm. of chlorine, 107*88 gm. of silver, 
62*01 gm. of nitrate radical, 8 gm. of oxygen, 32*7 gm. of zinc, 31*8 gm. 
of copper, 100*3 gm. of mercury, and 18*6 gm. of (ferric) iron. 

It is to be noted that the electrochemical equivalent (see below) of an element 
changes with the valency. Thus, for example, if a solution of cupric sulphate 
(CUSO 4 ) and a solution of (chemically pure) cuprous chloride (CuCl) be connected 
in series in the same circuit, then in the time required for the deposition of 3T8 
mgm. of copper from the cupric sulphate twice this mass (namely 63*6 mgm.) of 
copper wiU be deposited from the cuprous chloride. In cupric sulphate the copper 
is divalent, in cuprous chloride univalent. 

The mass of a substance liberated by the passage of 1 coulomb of 
current electricity is called the electrochemical equivalent of the sub¬ 
stance. The values for a few substances are contained in the following 
Table IV (top row of figures). 



Fig. 12. — Determination 
of the quantities of different 
substances deposited by the 
same quantity of electricity. 


Table IV 


A current of 1 amp. decomposes or deposits 


mgm. 

equivalents 

mgm. 

silver 

mgm. 

copper 

mgm. 

mercury 

mgm. 

nickel 

mgm. 

water 

in 1 sec. 
in 1 min. 
in 1 hr. 

0*01036 

0*6215 

37*29 

1*118 

67*08 

4025 

0*3294 

19*76 

1186 

1*040 

62*40 

3744 

0*3050 

18*30 

1098 

0*0933 

5*60 

335*9 
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Thus a current of 1 ampere deposits 

1*118 mgm. = 0-001118 gm. 

of silver in one second. The atomic weight of silver and hence also its 
equivalent weight (since silver is univalent) is 107-88. By division 
we obtain 0-001118/107-88 = 0*000010363. This is the number of 
chemical gramme-equivalents deposited in one second by a current 
of 1 ampere. The corresponding number of milligram-equivalents per 
second is 0-010363 (see Table IV). 

These numbers have simply to be multiplied by the quotient of 
atomic weight by valency in order to obtain the mass of substance 
liberated by 1 ampere-second (= 1 coulomb), i.e. the electrochemical 
equivalent of any substance. 

The mass of hydrogen liberated per second by a current of 1 ampere is 
1-008.0-01036 mgm. == 0-01045 mgm. This mass occupies at 0° C. and 760 mm. 
pressure a volume of 0-01045/0-00008995 = 116 mm.®. 

In the electrolysis of dilute sulphuric acid both hydrogen and oxygen are 
evolved, and may be collected together. Since water is composed of and 0^, 
the volume of the mixture is 1| times greater than that of the corresponding 
hydrogen alone. Hence a current of 1 ampere liberates in a second 

1|. 116 = 174 mm.® = 0-174 cm.® 

of hydrogen-oxygen mixture. In one min ute the same current liberates 
60.0-174 = 10-44 cm.®, in one hour 626 cm.® of the mixture. (All these 
volumes are corrected to 0® C. and 760 mm. pressure.) 

The Quantity of Electricity transported by 1 Gramme-eanivalent.— 

It is of importance to calculate the quantity of electricity transported 
by one gramme-equivalent of a substance, i.e. by a number of grammes 
of the substance equal to the quotient of its atomic weight divided 
by its valency. Using the data given above for silver we obtain the 
value 107-88/0-001118 = 96,494 coulombs. 

Each gmmme-equivalent transports 96,494 coulombs of electricity. 

This quantity of electricity is called onefaraday. 

Two faradays-or three faradays are transported respectively by one 
gramme-atom of a divalent or trivalent substance. In the application 
of the fimdamental laws of electrochemistry to chemical reactions it 
has been found very convenient to associate these characteristic quan¬ 
tities of electricity with the symbol of the corresponding element or 
radical. The notation employed is illustrated by the following ex¬ 
amples: H+ or 11“ stands for 1*008 gm. of hydrogen-f 96,494 coulombs 
(= 1 faraday) of positive electricity; Cl” or Cl' stands for 35*46 gm. 
of chlorine + 96,494 coulombs (=- 1 faraday) of negative electricity; 
Fe+++ or Fe* • • stands for 55-8 gm. of trivalent (ferric) iron + ^ • 96,494 
coulombs (=3 faradays) of positive electricity; and Fe"*"^ or Fe** 
stands for 55*8 gm. of divalent (ferrousi) iron + 2,96,494 coulombs 
(= 2 faradays) of positive electricity. 
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Behaviour of fused and solid electrolytes .—^Faraday showed that the above law£i 
hold not only for aq^neons solutions but also for fused salts. In the latter case, 
however, the conditions are so masked by secondary effects that the exact deter¬ 
mination. of the regularities presents very serious experimental difficulties. The 
measurements of quantities of metal deposited are rendered especially difficult 
by the fact that at the high temperatures employed the metal distributes itself 
in finely divided form throughout the whole of the fused electrol^e (Loeenz). 
When secondary reactions are avoided, complete agreement with Faraday’s 
laws is found. Glass conducts an electric current electrolytically even in the 
solid state (Wabbueg), especially at high temperatures (p. 355). Ilsing mercury 
electrodes, for example, it is possible with a sufficiently high E.M.F. to remove 
four-fifths of the sodium from a vessel of glass by electrolysis. This fact can be 
used as an artifice for introducing very pure sodium into a closed space (for 
example, into a high vacuum for the removal of oxygen) without opening the 
enclosing waUs. Solid crystals also show electrolytic conductivity under certain 
conditions. The experimental difficulty met with in investigating this behaviour 
is the formation of a fine thread of the metal deposited at the cathode; this thread 
extends through the crystal and soon forms a conducting bridge between the 
electrodes. This can be prevented by covering the cathode with a layer of com¬ 
pressed oc-silver iodide, a salt in which the bridge-formation does not occur. The 
crystal under investigation is placed against this layer and the anode against the 
crystal. Concerning the remarkable phenomena of current transport observed 
in this way see p. 273. 

The Quantity of Electricity Transported by one Atom.—The 
gramme-atom (or gramme-molecule) of any substance, i.e. a number 
of grammes of the substance equal to the atomic (or molecular) weight, 
contains the same number of atoms (or molecules). The value of this 
nximber, the so-called Loschmidt or Avogadro number, is N= 6-06.10^^ 
(see Vol. II, p. 53), 

Hence we can easily calculate the quantity of electricity (i.e. the 
charge) associated with each atom of a univalent element. We obtain 
the value 

96,494/(6'06.10^^) = 1*69.10"^^ coulombs/atom.* 

But this is the same value as was obtained (p. 51) for the elemen¬ 
tary electric charge. In Millikan’s experiment (p. 48) it was found that, 
when the charge upon the particle is changed (e.g. by X-rays), only 
integral multiples of the elementary charge occur. We conclude, 
therefore, that in electrolysis the above value is not only an average 
per atom, but that every atom transporting the current is indeed 
charged with exactly this amount of electricity (or with an integral 
multiple of it). * 

Every atom of a univalent element carries one elementary charge of 
{^positive or negative) electricity in electrolysis. Divalentf trivalent, dc., 
citoms or radicals carry a corresponding number of elementary charges. 

Atoms or radicals charged in this way (i.e. corresponding to their 
valency) are called ions. 

* Or 1-59 . lO-so electromagnetic G.G.S. -units (p. 192) = 4*77 . lO-^o electrostatic 
C.G.S. units. 
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We may mention Fere in advance that aU the experimental evidence proves 
that only the negative elementary charge, the electron, is capable of existing 
independent of matter. The corresponding positive charge cannot be separated 
from the matter with which it is associated (p. 345). This means that addition 
of electricity (i.e. electrons) can only charge a body negatively. In order to charge 
the body positively, we must remove electrons (i.e. negative electricity) from it. 
A negative ion is therefore an atom or radical which has taken up one or more 
electrons; a positive ion is an atom or radical which has lost one or more of its 
electrons. (See, however, footnote on p. 345.) 

Tiie detailed nature of the current transport and the molecular 
processes involved are treated in Chapter VIII (p. 266 ). 



CHAPTER V 


Tlie Relation between Current and 
Magnetic Field 

1. The Magnetic Lines of Force associated with an Elec¬ 
tric Current 

Field of Force of a Straight; Conductor —We have already become 
acquainted (p. 138) with the fundamental fact that a straight conductor 
carrying a current is surrounded by a magnetic field. We will now 
consider the nature of this field in more detail. 

We saw in figs. 10 and 11 (p. 138) that the magnetic lines of force 
m a plane at right angles to the conductor 
are concentric moles with their centre 
upon the asis of the conductor. 

In order now to find out whether these 
circles represent components of forces acting 
in a different direction, we make use of a 
freely movable magnetic needle. With its 
help we explore the field in the neighbour¬ 
hood of a vertical wire through which a 
current is flowing. The result is shown 
in fig. 1, from which it is seen that the 
needle always sets itself perpendicular to 
the wire, remaining always in a horizontal 
plane and forming the tangent to a circle 
described about a point upon the axis of 

Fig. I.—Magnetic field of a Straight TTat^pa* 

conductor carrying a current X/J16 Wlie. 1161106. 

The magnetic lines of force are circles 
with their planes perpendicular to the straight conductor and with 
their centres upon its axis. 

Sense of the lines of Force.— On p. 143 we defined the positive 
sense of an electric current as that in which the positive electricity 
moves or would move. Taking account now of the south-north sense 
in which the magnetic needle points in the above experiment (fig. 1), 
we arrive at the following important result: 

160 
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Looking along the conducting wire in the positive direction or sense 
of the current, the north pole of the needle always points in the clockwise 
sense. 

>Since we Rave defined the direction or sense of the magnetic lines 
of force as that from the south pole to the north 
pole of a test needle^ therefore: 

Looking along the conductor in the positive direc¬ 
tion or sense of the current, the magnetic lines of 
force are circles and their sense is clockwise 

(fig. 2 

As an aid to the memory, this result may be ex¬ 
pressed in the following form: Fig. 2.— Magnetic 

The sense of the circular lines of force is that in ^ 

7.7 7 , 7 . 1 • 1 -j. . conductor carrying a 

winch a corkscrew must be turned %n order to drive it current. Direction of 
in the positive direction of the current. (Maxwell’s thc^obLrver'^^^' 

Screw Rule, Corkscrew Rule) (see fig. 3). 

Historical.—Tlie connexion between tlie direction of the current and the 
direction of deviation of a magnetic needle w'as discovered in 1820 ])y the ’French 
physicist AnrERE. Ho expressed the result as follows (Swimmer rule): 

Imagine a man swimming in the 'positive direction of the current {so that the 
sense of the positive current is from Ms feet towards his 
head) and looking at the 7nagn€tic needle. Then the direc¬ 
tion of d'flection of the north pole of the needle is that of his 
outstretched left arm. 

This rule is often stated nowadays in the followhig 
form, known as the right-hand 
rule: 

) Lay the right hand upon the 
conductor m such a umj that 
the p)Ositwe direction of the cur¬ 
rent is from the wrist towards 
the finger-tips. The palm of the 
hand must face towards the 
magnetic needle, as though the 
hand were about to grasp its 
pole. TJmi the north i^ole of the 
needle is deflected in the direc¬ 
tion of the extended ihunib 

Fig. 3.—Corkscrew rule (fig, 4). Right-hand rule 

The best way is always to 

think out problems of this kind in terms of the corkscrew rule.^ With its 
help the nature of the magnetic field can easily be discovered even in the more 
difficult cases. 

Relation between Electric and Magnetic Lines of Force. —As has 
already been shown on p. 134, the electric lines of force are at right 
angles to the direction of the current. As the current flows they move 

* The white cross in the middle of the conductor, which is printed black, represents 
the feathered end of an arrow seen end-on, and indicates that the current is flowing 
away from the observer. 

(K 017) 
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at rigKt angles to tEeir own direction. Fig. 5 shows the electric lines 
of force (dotted) and the magnetic lines of force (continuons) of a single 

conductor, wMch. is to be imagined as 
passing at right angles through the plane 
of the paper and carrying a current 
whose positive sense is away from the 
observer. 

The magnetic lines of force are seen 
to be at right angles both to the direc¬ 
tion of the current and also to the 
electric lines of force. 

This can also be seen very well in the more 
complicated case of a double conductor, when 
Fig. 5 .—Relation between electric the two parts, in which the current flows away 

and magnetic lines of force from and towards the observer respectively, are 

fairly close together. Tigs. 6 a and h show the 
course of the electric lines of force (compare also fig. 9, p. 10), figs. 7 a and h 
the' course of the magnetic lines of force. The current in the right-hand conductor 
is assumed to be flowing towards the observer, that in the left-hand conductor 




Fig. 6<s.--Electric field of a double conductor in a plane at right angles to the current direction 



Fig. 65.—Electric field of a double conductor 
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away from the observer. We see here very clearly, especially in the central region 
where the lines of force are nearly straight, how the three directions, namely 
the direction of motion of the electricity (vector v), the direction of the electric 



Fig. 7 ^.—Magnetic field of a double conductor in a plane at right angles 
to the current direction 


force E and the direction of the magnetic force H are mutually perpendicular. 
Wo arrive therefore at the following result: 

Eleclrlc lines offeree moving at right angles to their direction are ahvaijs associated 
with magnetic lines offeree, the latter heing g^erpendknlar both to the electric lines of 
force and to their direction of motion. 



Fig. 76 —Magnetic field of a double conductor 


We have defined the positive sense of the lines of force as that from a positive 
charge to a negative charge. The- relation between the directions and senses of 
the three vectors v, E and H is therefore that shown in the diagram of fig. 8. 

A more general quantitative treatment of these facts will he given later (Chap. 
XVI, p. 507 et seq.). 

The following experiment gives a hydrodynamical analogy to the above 
conditions. When a rotating cylinder is moved at right angles to its axis of rota¬ 
tion, a transverse current is produced. This is the inverse of the Magnus effect 
(Vol. I, p. 388), appearing in accordance with the principle of reaction. A stream 
of air is directed by means of a fan (fig. 9) against a rotating wooden cylinder 
mounted upon the axis of an electric motor. The transverse current can be 
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demonstrated by the deflection of two candle flames placed one on each side of 
the cylinder (see fig*)* The air stream from the fan representing the electric 
current, the rotating cylinder thus corresponds to an electric line of force, the 
transverse current to a magnetic line of force (see also p. 50). 


E 




Fig. g .—Hydrodynamical analogy to the 
magnetic field of a moving electric field 


2. The Magnetic Field as a Property of Moving Electric 
Lines of Force 

As we have already learned on p. 135, an electric current is nothing 
else than electric charge in motion. We shall expect, therefore, tliat 
every electric charge in motion, no matter by what means it is moving, 
will have a magnetic field. This is indeed the case, as experiments 
(especially those of Eowland, Eontgex, Himstedt, Eichexwald, 
and Tolman) have shown. 

Convection Current.—A moving electrified body, for example a 
moving charged ball or a moving condenser, constitutes what is called 
a convection current. In contrast to a current flowing through a con¬ 
ductor, a convection current can flow without electromotive force 
(i.e. potential difference) and without any energy transformations; 

thus it produces no heat. In accord- 
1 . + ance with the laws of mechanics, such 

_^ - £ an electric charge, when once it is set 

I : TT ^ in motion, can go- on moving uniformly 

Fig. lo.—Conauction current induced . -ji j,-i 

by a convection current m a Straight ImO WlthOUt tllC agCllCy 

of any force. 

Motion of the Lines of Force in the Case of a Convection Current.— 

It is important to consider first the course of the lines of force when a 
charge is moving slowly. 

Take the case of a charged conducting surface A (fig. 10) moving 
along over an uncharged conducting surface B. There will be a dis¬ 
placement of the electricity in the second conductor, a charge of oppo¬ 
site sign from that on A being induced upon the surface B facing A- 
As A moves along, this induced charge will also move along corre- 
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spondingly, and an electric current, the so-called conduction current, 
will be formed in B. The question now arises whether, as might 
at first be supposed, the lines of force pull the opposite charges along 
with them, or whether they remain always at right angles to the con¬ 
ducting surfaces and the displacement of charge occurs anew at every 
successive point. In the latter case the displacement process would 
always be just beginning in the lower conductor immediately beneath 
the forward edge of A, whereas beneath the rear edge of A the displaced 
charges would always be reuniting, i.e. the induced charge on B would 
be disappearing. 

If the process takes place in this way, a potential difference will 
be produced in consequence of the pull of the surroundings upon the 
charge (of like sign to that of A) which has become free in the lower 
conductor. This potential difference will cause a motion of the elec¬ 
tricity in the lower conductor in accordance with Ohm’s law (p. 219). 
Experiments carried out by Eichenwald have shovm that the pro¬ 
cess does actually take place in this way. 

It follovvs that if the motion causes no alteration of the charge 
distribution relative to the surroundings, there will be no potential 
difference and hence also no conduction current. Since the experi¬ 
ments upon this point are of fundamental importance for the under¬ 
standing of the behaviour of moving lines of force, we will go into 
them in some detail. The case illustrated in fig. 10 may be modified 
as shown in fig. 11, namely by rotating a semi¬ 
circular charged disc A over an uncharged disc 
B. Discs of glass with very thin coatings of 
tinfoil may be used. The resulting conduction 
current from v to r flows in accordance with 
Ohm’s law (p. 219), both by way of and also 
by way of n. If, on the other hand, the disc A is 
not semicircular but in the form of a complete 
circle, then the field between the two discs Fig. n.—Productionof 
remains constant during the rotation, and no a conduction current 
conduction currents whatever are 'produced in B. 

Thus if the tinfoil coating of the disc B has a radial slit cut in it, 
and if the ends of this be connected to a sensitive galvanometer, no 
current is indicated when the complete circular disc A is rotated uni¬ 
formly over B. Hence the electric lines of force remain at right 
angles to the coatings of the discs even during the relative motion, 
and are not subjected to torsional deformation. 

Magnetic Action of a Convection Current (Rowland, 1876; A. 
Eichenwald). —In, order that the conditions may be quite definite, 
we will use a condenser consisting of two plates capable of rotation. 

* When the rotation is non-nniform (e.g. at the beginning and end of the motion) 
feeble induced currents are observed (p. 369). 
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Fig. 12 shows tie arrangement in section. A small magnetic needle 
M with mirror is placed above the charged plate K so as to indicate 
its magnetic action. As a protection against electro¬ 
static disturbances, the needle is enclosed in an 
earthed metal case. The condenser is charged and 
the plate K set in rotation. The magnetic needle 
is observed to be deflected, an effect that can only 
be due to the motion of the charges upon the 
rotating plate K, because we have seen above that 
no conduction currents are produced in this case. 
Experiments of this kind have shown that in all 
cases, no matter whether the plates are rotated 
singly or both in the same direction or in opposite 
directions, the magnitude and direction of the 
resulting magnetic field are the same as would be 
P^^^^'i^ced by the corresponding currents flowing 
in the ordinary manner by conduction through the 
discs at rest. 


A K 

Fig. 12. 

■effect of moving electric 
charges. 


Hence a convection current is coynpletely equivalent to a conduction 
current as regards magnetic action. 

Magnetic Action of a Moving Polarized Dielectric.—The experi¬ 
ments upon the magnetic action of a moving polarized dielectric are 
also very instructive and important. The effect of filling the space 
between the plates of a condenser with a dielectric of 
dielectric constant K is to make the charges upon the 
plates K times as great as before for the same potential 
difference between them (p. 82). We shall expect, 
therefore, that the convection current produced by 
rotating the plates, as measured by its magnetic action, 
will also be K times greater than before. Experiment 
shows that this is actually the case. 

A magnetic field can also be observed (Rontoen 
1885, Eichenwald) when the condenser is kept at rest 
and the dielectric is rotated (see fig. 13). This effect 
is due to the “ apparent charges (p. 89) upon the 
surfaces of the dielectric. Their surface density (p. 101) is 
1)/K times that of the true charges of the plates. 
Since both surfaces of the dielectric necessarily rotate 
together, only a difference effect can be observed. Concerning the 
magnetic field in the case when condenser and dielectric are moved 
together see Vol. V. 



Fig. 13.—Mag¬ 
netic effect of a 
moving polarized 
dielectric. 


The Magnetic Field of a Displacement Current,—We have already 
seen (p. 134) that during the discharge of a condenser the electric 
lines of force move at right angles to their own direction. We must 
expect, therefore, that the increase (or decrease) of the electric field 
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during tLe charging np (or discharge) of a condenser will he accom¬ 
panied by a magnetic held (fig. 14). 

This expectation, which is actually fulfilled in experiment, originated 
in the mind of Maxwell, who made it 
the basis of his calculations. Since mag¬ 
netism was only known in association 
■with an electric current, Maxwell gave 
the name displacement current to this + 
kind of motion of the electric lines of 
force. Throughout our discussion w^e 
have directed attention to the fact that 

moving electric fields in tlie ether are rentV^rii^^n^1ondu1tor°andTf 
associated with current phenomena, so displacement current, 
that the concept of a current correspond¬ 
ing to the. motion of lines of force alone and not of charges wull 
probably seem natural enough. 

If the condenser is filled ■with a dielectric of dielectric constant K, 
the increase of the field during charging up produces a polarization 
(p. 87). This process involves movements of the electric charges within 
the dielectric, the opposite charges of the molecules moving apart to 
a slight extent in opposite directions. In this case therefore wo have 
both the magnetic effect of the displacement current corresponding 
to vacuum and also the magnetic effect due to these molecular dis¬ 
placements. These two effects are superimposed, and the total mag¬ 
netic action is therefore increased. The displacement of the molecular 
charges out of their normal position of equilibrium is (like an elastic 
extension) proportional to the force producing it, i.e. proportional to 
the electric field (p. 100). 

Like every movement of electric charge, this displacement of 
molecular charges corresponds to an electric current. In this case we 
may call it the dielectric polarization current. 

The magnetic field produced by the polarization of the dielectric 
can be demonstrated as follows: 

We employ a rotating dielectric (as in fig. 13), but the condenser plates are 
each in the form of two semicircles insulated from one another and charged as 
shown in fig. 15 a and h. 

So long as the rotating dielectric is between 1 and 2, it is polarized in the 
manner indicated in the lower half of fig. 15a. But when it is between 3 and 4 
it is oppositely polarized (top half of fig. 15a). Hence in passing from the first 
position into the second the polarization must be reversed. As can be easily seen 
from the figure, this gives rise to a positive current in the direction The 
magnetic action of this polarization current can he measured by means of a 
very sensitive magnetometer placed at M. The magnitude of the apparent charge 
is (K — 1)Q, where Q is the charge upon the condenser without dielectric. If 
n be the number of revolutions of the dielectric per second, the polarization 
current in the above case is equivalent to an ordinary current of strength = 
2(D - 1) nQ. 




168 CURRENT AND MAGNETIC FIELD 

The factor 2 is due to the fact that the polarization is not merely reduced to 
zero (as in our imagined experiment upon the discharge of a condenser, p. 87) 
but is at once reversed. 

The first to succeed in proving the existence of these currents was 
Rontgen."’' Their quantitative equivalence with ordinary conduction 
currents of corresponding strength was established by A. Lichenwald. 

The existence of displacement currents of the kind assumed by 
Maxwell (i.e. the magnetic action due only to the motion of electric 
lines of force, an effect which must also occur in the absence of material 





Fig. 15.—Magnetic effect of polarization currcni; 


dielectric) was first proved by H. Hertz. We must, hov/ever, leave 
the treatment of this until later (Chap. XVI, p. 567). 

As we shall gradually recognize in what follows, the introduction 
of the concept of displacement currents into the treatment of tlio 
discharge of a condenser has led, through Maxwell’s inspired work, 
to very far-reaching results. 

3. The Form of the Magnetic Fields of Currents flowing 
in Conductors of different Shapes 

Field in the case of a Circular Ring.—The form of the magnetic 
lines of force around a circular conductor carrying a current can be 
most easily seen with the help of iron filings. If the conductor be laid 
upon the table, a piece of paper laid upon it and iron filings strewn 
upon the paper, then when the current is switched on the filings 
arrange themselves as in fig. 16. The lines of force are at right angles 
to the conductor. When the current is flowing in a clockwise direction 
round the ring, a magnetic needle placed within the ring is deflected 
so that its north pole points downwards. 

We now set up the conductor with the plane of the ring vertical, 
and support a piece of paper horizontally in such a way that its plane 
passes through a diameter of the ring. (The conductor passes through 

* For this reason they are sometimes called Roiitgen currents. 
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Foies in tFe paper, see fig. 18.) WFen the current is switcFed on, iron 
filings strewn upon tFe paper arrange tFemselves in tFe manner sFown 
in fig. 17. 



Fig. 16.—Diagram of the magnetic lines of force in the plane of a ring 
conductor carrying a current 


Fig. 18 sFows in persfiective tFe field in a plane tFrougF tFe centre 
of tFe circular ring and X-)erpendicular to its plane. Ax')plication of tFe 
Maxwell screw rule for tFe different parts of tFe conductor (fig. 19) 
enables us at once to determine tlie sense of the field. In agreement 



Fig. 17.—Lines of force in a plane at right angles to that of a ring conductor 
carrying a current 


wfitF tFe previous experiment witF tFe magnetic needle we obtain 
tFe following result, wFicF is obvious from fig. 18: 

As looked at in the direction and sense of the lines of force, the current 
in the ring is clockwise. 

The same result can be obtained with the help of the corkscrew rule. If the 
direction and sense of the lines of force are those of the motion of a corkscrew 
being driven in, the corresponding current must flow round in the same sense as 
that in which the corkscrew is being turned (fig. 20). 
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Field of a Solenoid—In the case of a conducting wire covered vuth 
an insulating substance and wound in the form of a close spiral upon 



Fig. iS.—Magnetic field of a current flowing 
round a ring conductor 



Fig. ig.—Sense of the field due to a 
current in a ring conductor 


a cylinder (e.g. upon a glass tube), each individual turn may be regarded 
as a circular ring. Sncb a spiral coil is called a solenoid (fig, 21), 

The form of tbe magnetic field, as made visible by iron filings, is 
sliown ill fig. 22. The black strips indicate the position of the solenoid, 
being the holes in the paper through which the turns of wire passed 
when the experiment was being performed. 

As is seen from a comparison with fig. 11, p. 116, the magnetic field 


Fig. 20.—Relation between current sense and 
sense of magnetic field for a current flowing 
round a ring conductor. 



outside a solenoid corresponds completely to that of a bar magnet. 
Within the solenoid the field is seen to be approximately homogeneous. 

As is sho-RTi by figs. 23 and 24, tbe departures from homogeneity are due 
firstly to the fact that the lines of force circulate round the individual turns 
owing to the distance between them, and secondly, to the fact that near the ends 
the lines of force diverge. If, however, the turns are wound very close together 
(as, for example, in fig. 12, p. 139), the field within the solenoid becomes quite 
homogeneous, the extent of the homogeneous region increasing with the length 
of the solenoid. (See fig. 25.) At the same time the field outside the solenoid 
becomes very intense at the ends and practically zero near the middle. This can 
be demonstrated by means of the deflection of a small magnetic needle. 

* Gr., solm, tube. Tbe name solenoid is due to AmpIire (1822). 
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Since tEe external fields are the same, any solenoid tErongh wEicE 
a current is flowing is equivalent to a bar magnet. If tEe current 
direction is as sEown by tEe arrow in fig. 21, tEen the noxtE pole of the 





magnet will be at tEe rigEt Eand end and tEe south pole at the end 
on the left. 

TEe shorter the solenoid, the shorter also the equivalent magnet. 
Hence if the solenoid be reduced to one circular turn, the plane of this 
turn must behave as a very short thick magnet, i.e. as a thin plate 
with northern polarity on one face 
and southern polarity on the other. A 
system of this kind is called a magnetic 
shell. 

A circular conductor carrying a cur¬ 
rent is equivalent to a magnetic shell 
whose surface of southern polarity is 
on the side from which the current 
appears to flow in the clockwise sense. 

The interaction between a circular con¬ 
ductor bearing a current and a magnet 
placed near to it may be measured by sus¬ 
pending the conductor, as in fig. 26, so as to form one arm of a balance. 
The current enters and leaves at the axis of the balance beam. In the case in 
which the current is flowing in the anticlockwise sense viewed from above and 
in which the north pole of the magnet is uppermost, there is an attraction, the 
magnitude of which can be measured by means of suitable rider weights. 

Another arrangement is to suspend the conductor, in the manner shown in 
fig. 27, upon a long thread so as to be capable of rotation about a vertical axis. 
Tile current enters and leaves through small cups of mercury arranged one above 
the other upon tw'o small columns a small distance apart. When the current is 
flowing the conductor sets itself with its plane at right angles to the magnetic 
meridian. The deflecting action of a magnet can also be observed in this case. 


Fig. 23.—Field of a solenoid with 
widely spaced turns 

[• Represents section of turn where the 
current is flowing downwards through the 
plane of the figure, o Represents section 
of turn where the current is flowing up¬ 
wards through the plane of the figure.] 
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TKe same behaviour, namely setting in the magnetic meridian and deflection 
by a magnetj, can also be shown for a solenoid with a similar arrangement (see 
fig. 28).* 



Fig. 24.—Field of a solenoid with widely-spaced turns 

Magnetic Field of a Closed Ring-shaped Solenoid.—If a solenoid be 
bent round upon itself as in fig. 29, we obtain a field of the type shown 
in fig. 30, which is quite analogous to that of the toroidal magnet or 
toroid described on p. 120. The lines of force run almost exclusively 



Fig. 25.—Field of a solenoid with closely-spaced turns 


within the solenoid; the external field is practically zero. The closer 
the turns, the more nearly are these field properties realized. 

Electrical Theory of Molecular Magnets.—In accordance with 
the facts outlined on p. 115, we can imagine a magnetized body to 
consist of small directed magnets (so-called molecular magnets), much 
as a tourmaline crystal exhibits permanent electric polarization by 
virtue of its directed molecular dipoles (p. 95). According to a hypo- 

* A^ipeee was the first (about 1820) to iuvestigate thoroughly the interaction be¬ 
tween a magnet and a conductor carrying a current. He constructed a special apparatus 
in which the conductor could be suspended so as to be capable of rotation. This is 
generally known as Ampere's stand. 



EXAMPLES OE MAGNETIC FIELD OF CURRENT 173 

thesis first put forward by Ampere and developed later by Weber 
(1862), a small current circulates around each of the elementary 



Fig. 2G.—Magnetic behaviour of a ring conductor carrying a current 



Fig. 27.—Ring conductof carrying a current in the earth’s magnetic field 

particles of a magnet (elementary currents) (see fig. 31). In Ampere’s 
theory the molecular magnets are to be regarded as such elementary 
currents."^ 

* In this way Ampeee achieved a s’rrpUf.cstion.of the physical concepts involved, 
in that li© made it unnecessary to rE-airr-Li.-n as a special “ substance ’ . 
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As is seen from fig. 32, the elementary currents of neighbouring 
molecular magnets neutralize each other, and we are left simply with 



Fig. 28.—Solenoid capable of rotation 


a current circulating right round the magnet. Hence a bar magnet 
may he regarded as a solenoid, so far as its external field is concerned. 



Fig. 30.—Field of a ring solenoid 
carrying a current 



magnetic interaction of two or more magnets 
can be completely explamed m terms of the attraction and repulsion of the 
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elementary currents. The greatest difficulty of the theory lay in the assumption 
of electric currents flowing perpetually in a body without resistance. For if there 
were a resistance to the currents in the interior of the body, the magnetization 



Fig. 31.—Diagrammatic representation of 
the elementary currents 
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Fig. 32.—^Partial mutual compensation of 
the elementary currents 


would necessarily be accompanied by development of heat. This would, of course, 
involve a loss of energy and would make the'existence of permanent magnets 
quite impossible. Current conduction without resistance has, however, been 
observed recently in closed metal wires at very low temperatures (Kajmeelingh- 
OiTNEs), SO that it is now possible to imitate Ampere’s elementary currents. 

]\Iodern investigations of the structure of matter have also led to new views 
which are in harmony with Ampere’s and Weber’s hypothesis of the existence 
of enduring currents (i.c. movements of electric charges)'^in the elementary particles 
(see p. 444 and Vol. V). 


4. The Quantitative Relation between Magnetic Field 
Strength and Electric Current Strength. 

Quantities characterizing the Magnetic Field,—We have already 
become acquainted (p. 121) with a quantity, the magnetic induction 
B, and a corresponding measurement of a magnetic field by means 
of the force exerted upon magnetic needles. The recognition (p. 186) 
that electric current (in the widest sense) and magnetic field are only 
different aspects of the same fundamental process has led to the 
measurement of magnetic fields by means of the associated currents, 
and the consequent introduction of a second quantity characterizing 
the magnetic field, namely the magnetic intensity or magnetic field 
strength H. 

This description of a magnetic field by two quantities may seem at 
first unnecessarily complicated; but it is justified by the great simpli¬ 
fication which it brings into the treatment of magnetic fields in space 
filled with matter. The case is completely analogous to the description 
of electric fields by means of the two vectors E and D, the former 
derived from the force effects and the latter from the charges. 

Strength of the Magnetic Field within a Solenoid.—^As with electric 
fields, the simplest relationships are to he expected in the case of 
homogeneous magnetic fields. Now we have already met with homo¬ 
geneous fields within solenoids, and will therefore consider first the 
properties of solenoids. 
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As we Lave seen on p. 172, the external field of an infinitely long 
solenoid is zero. From this we can at once derive a fundamental pro¬ 
perty of the field in tLe interior. 
Imagine two very long similar sole¬ 
noids with equally spaced turns to be 
placed side by side as in fig. 33, and 
to be carrying currents of similar 
sense and equal strength. The field 
within .each of the solenoids is the 
same as if the other were not present; 
for their external fields are negligible. 
Fig. 33.7-piagram showing that the ^ since the currents in the con- 

strength within a very long solenoid is in- ^ it 

dependent of the cross-sectional area. tlgUOUS SldCS arC CXactly equai aild 

opposite, the conditions are not 
affected by the removal of these sides. This gives a solenoid 
of double the cross-sectional area, but ivitli exactly the same field as 
before. As may be seen from a diagram analogous to that of fig. 32, 
this consideration may be generalized to any desired extent. We see 
further that the essential condition is that every turn of the one sole¬ 
noid shall correspond to one turn of the other solenoid carrying a 
current of exactly the same strength. That is to say, the product of 
the number 2 : of turns and the current strength I must be the same for 
the same length (e.g. for 1 cm.) of each of 
the solenoids, measured in the direction of 
their axes. The current strength I being 
measured in amperes, the product Iz may be 
called the number of ampere-turns. 

JFor a given nimber of ampere-turns per 
cm., the field within a solenoid is independent 
of the cross-sectional area. 

It may be shown experimentally that the 
magnetic field within a solenoid depends 
Fig. 34-—Diagram of the only upoii the value of the product Iz per 

measurement of the field strength ■‘‘t . n - t 

within a solenoid. cm., aud uot upou the values ot the indi¬ 

vidual factors. For this purpose a small 
magnetic needle may be suspended within the solenoid in such a way 
that its position of equilibrium when no current is flowing is determined 
by some elastic device, say by the torsion of a wire (as in fig. 34) or 
by means of a spring. Since the tendency of the needle is to set itself 
along the lines of force, it is adjusted so as to be at right angles to the 
axis of the solenoid when no current is flowing. When now a current 
is sent through the solenoid, the needle is deflected towards the axis 
and a certain turning moment is required to bring it back to its 
original direction. In the arrangement shown in the figure this moment 
^7 twisting the wire, and its magnitude is obtained from the 






FIELD STRENGTH AND CURRENT STRENGTH 177 

angle of torsion (Vol. I, p. 207). THs gives a measure of tEe turning 
moment exerted upon tEe needle by tEe Eomogeneous field (p. 122). 
Since tEe magnetic moment of tEe needle remains constant tEe turn¬ 
ing moment is proportional to tEe magnetic induction. Hence tEe 
fields are identical in two cases, if tEe turning moments are equal. 

Using various solenoids witE different numbers of turns, different 
lengths, and different distances between tEe turns, we find tEat, in 
order to get tEe same turning moment upon tEe needle, tEe current 
strengths must be regulated so that in every case tEe product of tEe 
current strength and the number of turns per cm. length of solenoid 
is the same. This involves the assumption that the lengths of the 
solenoids are large and the distances between then turns small in 
comparison with the length of the magnetic needle; for otherwise the 
fields are not sufficiently homogeneous. Moreover, the current” strengths 
employed must be so great that the influence of the earth’s magnetic 
field can be neglected. 

By varying the current strength I for one and the same solenoid 
and measuring the turning moment exerted upon the needle, we 
obtain the following result: For a given solenoid the turning moment 
is proportional to the current strength. 

It is found that the turning moment exerted upon the needle is 
the same for different solenoids, provided that the number of ampere- 
turns per cm. is the same in each case. Thus a solenoid with few turns 
per cm, but a correspondingly strong current shows the same effect 
upon the needle as a solenoid with many turns per cm. but with a 
correspondingly weak current: the one condition which must be ful¬ 
filled is that the product of the current strength I and the number z 
of turns per cm. must be the same in both cases. 

Thus the intensity of the magnetic field within a solenoid is dependent 
only upon the number of ampere-turns per cm. 

Definition of the Unit of Magnetic Field Strength.—The magnetic 
field within a solenoid is characterized by the number of ampere- 
turns per cm. We will call this measure of the magnetic field the 
magnetic field strength. It is a vector, and its direction in space devoid 
of matter coincides with that of the magnetic lines of force, i.e. with 
that of the magnetic induction B. TEe above result for a solenoid can 
be used to measure thcimagnetic field strength. Thus we can define 
the strength (or<.the intensity) of a magnetic field in terms of the num¬ 
ber of ampere-turns per cm. of a solenoid whose internal field is identical 
with the field to be'measured at-the particular point in question. If 
I is the current strength in amperes and z the number of turns per cm., 
then we have 

H= |H1 = C.I.25, 

where C is a constants We have thus obtained an extremely simple 

( 1617 ) 
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relation for a homogeneous magnetic field. It is of fundamental signi¬ 
ficance, in that it stows clearly ttat the strength of the homogeneous 
magnetic field is dependent only upon the product of current strength 
and number of turns per unit length. Just as a conductor carrying a 
current is surrounded by circular magnetic lines of force, so also does a 
magnetic field have an electric current flowing round it. On account of 
its simplicity and its clear relation to the fundamental connexion 
between current and magnetic field (see further p. 186), the above 
equation is used to define the unit of field strength. The constant factor 
0 vanishes from the equation (i.e. becomes equal to unity), if we adopt 
the following definition of the unit of magnetic field strength: 

The unit of magnetic field strength H is that field strength which 
exists within, and parallel to the length of, a long solenoid through 
which is passing a current of 1 ampere per centimetre of length. 

The unit is thus 1 ampere-turn per cm. In future we shall express 
numerical data in these units, except where otherwise stated. 

The definition of field strength in ampere-tums per cm. is not dependent upon 
the force exerted upon a unit pole, but is based upon the direct connexion be¬ 
tween the circulating current and the magnetic field associated with it. Magnetic 
field strength is defined as the effect of the circulation of a certain current (p. 186). 

Relation between Magnetic Induction and Magnetic Field Strength. 

—The result of the above experiments, namely that the force effects 
within a solenoid are proportional to the number of ampere-turns per 
cm., indicates that (in space devoid of matter, to which the quantita¬ 
tive relationships so far obtained all relate) the magnetic induction 
(p. 121) is proportional to the field strength. Thus we have: 

B volt sec./cm.2= jUQ H ampere-turns/cm. 
where p-Q is a constant. 

By measuring the induction (by the methods given on p. 124) and 
also the magnetic field strength of a homogeneous field, e.g. within a 
sufiS-ciently long solenoid, we can obtain the numerical relationship 
between these quantities. For another method depending upon another 
definition of induction, see p. 379. 

The value of [Xq determined in this way is 

ftQ = 1-257.10~® (volt sec./cm.^)/(amp.-turn/cm.). 

Hence we have 

1 gauss = 10~® volt sec./cm.^ 

= 0-796 amp.-turn/cm. == 5/(27r) amp. turn/cm. 

1 amp.-turn/cm. = 27 t/ 5 gauss 

= 1-257 gauss = 1-257.10""® volt sec./cm.^ 

The factor ijlq has the same significance for magnetic fields as Kq 
for electric fields, giving the numerical relation between the measure 



FIELD STRENGTH AND CURRENT STRENGTH 179 

of tke field itself and tke measure of tke force effects 'whicli the field 
produces. 

The unit ampere-turn per cm. is widely used nowadays, especially 
in engineering. But in scientific work and tables magnetic fields are 
still very often measured in gauss. The reasons 
for this are historical. The system of measure¬ 
ment originally employed was obtained by making 
jito = 1, just as in the so-called absolute electro¬ 
static system is made equal to unity. This 
made the numerical measures of induction and 
field strength equal in space devoid of matter: 
thus the number expressing the field in gauss was 
also the number expressing the field strength. 

We shall therefore have to make frequent 
reference to the unit 1 gauss, although from a 
purely scientific point of view the unit 1 ampere-tuxn/cm. is the 
more natural; for even in permanent magnets the magnetism is due 
to circulating currents. 

Measurement of Magnetic Fields by Superposition.—Since the mag¬ 
netic field strength H is a vector and since magnetic fields add together 
without affecting each other, the combined field strength of two 
fields and Hg is equal to the vector sum + Hg (see fig. 35). 

This can be made use of for the measurement of 
magnetic fields. A field of known strength Hk is super¬ 
imposed upon the unknown field of strength H^, exactly 
at right angles to it. The direction of the resultant 
field strength H is determined. Then, as can be seen 
from fig. 36, we have the equation 

H,= Hk cot(H,, H). 

This method is applied in order to measure the 
field-strength of the earth's magnetic field. The known 
field may be produced by means of a current of I 
amperes in a circle of radius r, the field strength at by superposition, 
the centre of the circle being ampere-turns 

per cm. (p. 193), A magnetic needle is placed at the centre of the 
circle and the plane of the circle adjusted so as to have the same 
direction, as the needle (i.e. to be in the magnetic meridian) when 
no current is flowing. When now the current is allowed to flow, 
the magnetic field associated with it is superimposed at right angles 
upon the earth’s field (fig. 37) and the magnetic needle is deflected 
through a certain angle a. The magnitude H of the horizontal 
component of the earth’s field is then given by H = Hk cot a. The 
actual value obtained at London is about 0-12 ampere-turns per cm. 
(For more exact data see Vol. V.) 



Fig. 36.—Meas- 



Fig. 35.—\^ector sum of 
two magnetic fields 
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Conversely, if the strength of the earth’s field he known, the value 
of Hk can he obtained from the equation Hr = H tan a. But Hk is 



Fig. 37.—Deformation of earth’s field due to a current flowing round a ring conductor 


proportional to tL.e current strength in the circle, so that the current 
strength is also proportional to the tangent of the angle of deflection. 
This form of apparatus is therefore known as a tangent galvanometer 
(fig. 38), and was formerly used to measure electric currents. Since the 



Fig. 3S.—Galvanometer 


pressed in gauss) is called the 
instrument; its value depends 


above equation I = 2rIiK: holds, 
the instrument can easily be cali¬ 
brated when the strength of the 
earth’s field is known—a very 
useful method in earlier times 
before the present convenient and 
more precise methods of electro¬ 
lytic calibration. 

Note .—field strengths be meas¬ 
ured in gauss instead of in ampere- 
turns per cm. we have Hjc = \tx1 jr at 
the centre of the circle and hence I ™ 
(5rHtana)/7r, where H is the value 
of the earth’s horizontal intensity ex¬ 
pressed in gauss (p. 192). 

The factor H. 2r (when H is 
expressed in ampere-turns per 
cm.) or 5fH/7T (when H is ex- 
constant (or reduction factor) of the 
only upon the dimensions of the 


instrument and upon the earth’s horizontal intensity. When once the 


constant has been determined, current strengths can be found (at 


one place) by simple multiplication of the tangent of the angle of 
deflection by the constant. 
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5, The Form of the Magnetic Field of a Straight Con¬ 
ductor carrying a Current 

Motion of Magnetic Poles ’’ around the Conductor.—The magnetic 
lines of force run in circles around the straight conductor and exert 
forces upon magnetized bodies in its neighbourhood. We have already 
become acquainted with these force eSects as turning moments 
exerted upon magnetic needles. We will now consider translational 
motion due to the magnetic forces. 


According to the definition given on p. 127, the 
magnetic lines of force are the paths along which a 
massless north pole, free from constraint, would 
move. To realize a north pole as nearly free from 
constraint as possible, we suspend a magnetized 
knitting needle NS (fig. 39) from the ceiling by 
means of a long thin thread, so that its north pole 
hangs downwards. We ‘then set np a brass rod 
with its lower end clamped in a massive foot and its 
upper end opposite the middle of the magnetized 
needle. We now connect one pole of a large 
accumulator to the foot of the rod and the other 
polo to a flexible wire. By touching the top of the 
brass rod with .the free end of this wire the circuit 
is made; at the same moment the north pole of the 
suspended needle experiences an impulse, as the 
result of which the needle moves in a circle around 
the brass rod. Current. sense and sense of rotation 
of the north pole are as^ shown in fig. 39. When 
the current sense is reversed, the needle moves in 
the opposite sense around the rod. When, further, 
the needle is suspended the other way up (i.e. 
with its south pole downwards), the sense of 
rotation is once more reversed in accordance with 
the corkscrew rule. 



Fig. 39-—^Motion of a magnet 
in the field of a current 


Dependence of Field Strength upon Dis¬ 
tance from the Conductor.—By means of a 

modification of the above arrangement we can investigate how* the 
field strength depends upon the distance measured radially from 
the conductor. 


We hang a long conducting wire from the ceilmg and load it at its lower end 
so as to keep it vertical (see fig. 40). The upper end of the wire we connect to one 
pole of a source of current; the lower end .dips into a cup fiJled with mercury, 
to which the other pole is connected. We now suspend a small circular plate by 
means of three threads joined above (see figure), so that the conducting wire 
passes centrally through a hole in the middle of it. The plate is provided with 
three small sockets to take three magnetized knitting needles arranged with 
their north poles all pointing towards the wire. When now a current is passed 
through the wire, we observe no rotation or displacement of the whole system of 
magnets, no matter how great the, current strength is made. Upon each of the 
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north poles acts a force of magnitude "witli an arm so as to tend to cause 
motion in the clockwise sense. Similarly upon each of the south poles acts a 
force of magnitude P 2 "with an arm so as to tend to cause motion in the 

opposite sense. Since there is no 
resultant effect the two turning 
moments must be equal and opposite, 
i.e. we must have 

Pi^i “ ^ 2^2 

or P]^: Pg “ '^2 * ^ 1 * 

In words: Tbe force exerted 
upon a magnetic pole hy a 
current flowing in a straight 
conductor is inversely propor¬ 
tional to the distance of the pole 
from the conductor. 

The derivation of this result 
is completely independent of the 
concept of magnetic pole al¬ 
though we have made use of this 
term on account of the resultant 
simplicity of the mathematical 
formulation. As can be readily 
appreciated, the essential con¬ 
dition is that as many lines of 
force shall enter the needle as 
leave it—a condition which is 
actually fulfilled (see the diagrams 

Fig. 40.—^Experiment proving the magnetic of liueS of forco) and which is 

field strength to be inversely proportional to idp-ntiVal with thf^ Tkrin- 

the distance from a straight conductor carrying a ^^^1660 laemiCai WltJl ^ XUe prm- 

current. ciple that all magnetic lines of 

force are closed. 

Since the force is proportional to the field strength, i.e. P = 
and since both the poles are of the same strength, i.e. m has the same 
value for both, it follows that: 

The magnetic field strength in the neighbourhood of a straight con¬ 
ductor carrying a current is inversely proportional to the distance from the 
conductor. 

This result can also be investigated directly as follows: 

At some distance from the wire I) (see fig. 41) place a solenoid so that its 
axis is tangential to the lines of force. Within the solenoid a magnetic needle is 
suspended by a torsion wire as in fig. 34 (p. 176). When now a fairly strong 
current is passed through the wire, the magnetic needle is deflected. This de¬ 
flection can be just compensated by sending a current of suitable strength through 
the solenoid in the correct'direction. 

In order to avoid disturbing effects due to the earth’s field, the axis of the 
solenoid must be set in the east-west direction. Solenoid and needle must also 
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be small comparison witb the length of the "wire and their distance from it. 

Fy pLcing solenoid and magnet at different distances from the wire carrying 
the current, we find that the strengths of the currents required in the solenoid 
to compensate the needle deflections are inversely proportional to these distances, 
whence the above law follows at once. 

Dependence of Field Strength upon Cur¬ 
rent Strength.—It has already been shown 
(p. 177) that the magnetic field strength 
within a solenoid is proportional to the 
current strength. Since magnetic fields 
add together as vectors without affecting 
each other, the field may be regarded as 
the superposition of the partial fields from 
the different elements of current, and 
hence we are led to assume the same pro¬ 
portionality between field strength and 
current strength in the case of a single 
conductor. 

This can also he proved directly, using the arrangement shown in fig. 41 
above. We send a known current through the wire D, and compensate the con¬ 
sequent deflection of the magnetic needle M by passing a suitable, measured 
current through the solenoid. On varying the current in the wire, we find that 
in order to obtain compensation we must vary the current in the solenoid in the 
same ratio. An instructive modification of the experiment consists in connecting 
the solenoid (with a suitable resistance) in parallel with the wire. The resistance 
is adjusted so that for one particular current strength the needle deflection is 
compensated. It is then found that the compensation is unaffected (i.e. the needle 
remains undisturbed) when the current in the whole circuit (wire and solenoid 
together) is altered. 

Thus we have the following result: 

The magnetic field strength at any point in the neighbourhood of a 
straight conductor is directly proportional to the strength of the current 
flowing through the conductor. 

This can be expressed by means of tbe equation H = Cl/r, wliere 
C is a constant and r is the distance from the conductor. 

Before we can measure field strengtlis in this way, we must first 
determine the value of the factor C in terms of our system of measure¬ 
ment (i.e. H in ampere-turns per cm.). For this purpose we proceed as 
follows: 

6. Line-Integral of Magnetic Field Strength 

In order to obtain a measure of the difference of the magnetic 
state at two points, we may try the course already adopted in the 
case of electric fields, where the desired measure (called the potential 
difference between the two points) was arrived at by forming the line- 
integral of the electric field strength. The line-integral V of the magnetic 



Fig. 41. — Arrangement for 
measuring the magnetic field 
strength due to a current in a 
wire D by means of a solenoid S 
and magnetic needle M. 
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ield strength over a length I measured along a line of force is equal 
to Bl, where H is the magnitude of the field strength, considered as 
constant throughout. The unit in which the line-integral is expressed 
is the ampere-turn. When H is not constant, we have to form the 
sum of all the elementary products Bdl for all the elements of path 
dl Thus we obtain the line-integral Y == SBdl In analogy to the 
corresponding quantity in the case of electric fields, viz. the pressure, 
potential difference, or electromotive force, we may call this the 
magnetic g^ressure, magnetic potential difference, or magnetomotive force 
between the two points. 

If the element of path dl is incUned at an angle to the direction 
of the field, only the resolved part of the 
field strength in the direction of the element 
is effective. In general therefore 

V=y’Hcos(H, \)dl. 

Line-Integral for a Closed Path round the 
Conductor.—The value of the line-integral 
taken round the whole circumference of a 
circle of radius r around the conductor as 
centre is 

V=(CI/r).27rr= 27701. 

Thus the value of this line-integral is quite 
independent of the distance at which we pass 
round the conductor; for the field strength 
diminishes in the same ratio as the length of the path increases. For 
a given fraction of the total circuit round the conductor (measured by 
the angle in fig. 42), the value of the line-integral of the field strength 
is always <;iCI, no matter what the radius of the path. Moreover, it 
can be seen from the figure that this value is also independent of the 
shape of the path. Between the two points A and B, for instance, the 
value of the line-integral is always the same, whatever the shape of 
the path (provided, however, that the path does not pass right round 
the conductor, see p. 187). For every path can be considered as made 
up of radial elements and elements in the direction of the circular 
lines of force. The radial elements contribute nothing to the value of 
the integral, since they are at right angles to the direction of the field 
strength. For the elements which coincide with the lines of force the 
value of the integral is independent of the radius, and therefore the 
total result is always equal to <j)Gl. 

We can also express this as follows: 

The number of ampere-turns corresponding to passage once round 
the conductor is constant and independent of the path. 





Fig. 42.—Diagram to show 
that the value of the line- 
integral of the magnetic field 
strength between two points is 
independent of the path, pro¬ 
vided that this does not pass 
right round the conductor. 
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Absolute Value of the Line-Integral.—The absolute value of the 
line-integral is expressed as the number of ampere-turns correspond¬ 
ing to the path. Hence we have to determine the total number of 
ampere-turns corresponding to passage once round the conductor. 
For this purpose we divide up the space around the conductor into 
closed ring-shaped solenoids of rectangular cross-section (see fig. 43), 
and imagine the magnetic field to be produced by their combined 
action. 

Since no current is flowing in the space surrounding the conductor,, 
the currents in the solenoids must exactly compensate each other 



Fig:. 43,—Division of the magnetic field around a straight conductor into solenoids (after Mie). 
[From Mie’s Lehrbuch der Elecktrizitdt und des Magnetismus, published by F. Enke, Stuttgart.] 


As can be seen clearly from the longitudinal section shown in fig. 43, 
the solenoid currents flow in opposite directions at every pomt. If 
the currents are to compensate each other, the number of ampere- 
turns per unit length of the outer ring-shaped solenoids must clearly 
be smaller than that of the inner ones; more precisely, the number 
of ampere-turns per unit length must be inversely proportional to 
the distance from the conductor. This means simply that the magnetic 
field strength must be inversely proportional to the distance from the 
conductor—the relation we have already derived above. 

The total number of ampere-turns is the same for all the solenoids. 
In particular it is equal to that of the innermost solenoid. But this 
solenoid is bounded on the inside by the conductor itself, so that its 
total number of ampere-turns is simply equal to the strength of the 
current in the conductor, expressed in amperes. Hence: 

* Tbe outermost turns are not compensated, but give a total current wMcb. is 
equal to that flowing through tho conductor but in the opposite direction. This cur¬ 
rent corresponds to the return flow of the current through the conductor; for every 
current is necessarily closed. Thus the fact that every circuit through which a current 
is flowing is necessarily closed is an essential condition of this treatment. 
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The line-integral ¥ (in am^pere-turns) for one circuit round; the con¬ 
ductor is equal to the strength I of the current in the conductor (in amperes), 
i.e, F=Z. 

Tiie value of the line-integral for one circuit round the conductor 
may he called the circuital potential (German, Randspannung). 

Thus the circuital potential is numerically equal to the strength of 
the current to which it is due. 

From the equation V = 27rCI it follows now that in our system of 
measurement the constant C has the value l/(27r). 

For a partial circuit of the conductor, measured by the angle (56 
(see fig. 42), the absolute value of the line-integral is V = (/>I/(27 t). 
The magnetic field strength or intensity (in ampere-turns/cm.) at 
the distance r cm. from a straight conductor is therefore 

H = I/( 27 i:r). 

Magnetic Field and Electric Current. —It is the above simple con¬ 
nexion between circuital potential and current strength that makes 
the system of measurement we have employed so lucid. We perceive 
that there is even a quantitative identity between magnetic field 
and electric current. It does not matter what material the conductor 
is made of, or what is the source of the current. There is no electric 
current without a magnetic field. We must conclude, therefore, that 
the magnetic field is only another aspect of that single process in the 
ether which we call an electric current. 

As a help in forming a mental picture of the above relationships it is useful 
to remember the hydrodynamical analogy previously put forward on p. 163. As 
soon as the rotating cylinder is moved, the cross-current is at once produced. 
Thus this cross-current is nothing but another manifestation of the state of motion 
of the spinning cylinder. As is shown by the production of a magnetic cross-field 
by the motion of an electric field, the electric field has properties which justify 
the above analogy. Conversely, we must conclude that there can be no magnetic 
field without an electric field in motion, i.e. without a current. No such magnetic 
field has been found; even permanent magnets are regarded as due to small 
circulating electric currents. Magnetic field and electric current are two insepa¬ 
rable phenomena, i.e. one process in the ether. The term electric current is to 
be taken here in its widest sense, namely as meaning an electric field in motion. 

Potential in the case of the Magnetic Field of a Current in a Straight 
Conductor. —^As we have seen, the line-integral of the magnetic field 
strength between two points has a definite value, provided that the 
path does not pass right round the conductor. Hence for any closed 
path not enclosing the conductor the line-integral vanishes. 

This can be seen by fig. 44. The value of the line-integral for the 
path from A to B is ^I/(27r), from B to C zero, from C to D —^I/( 27 r), 
and from D to A zero. The value for the closed path is therefore 

V = <^I/(27r) + 0 ^ (^I/(27r) + 0=0. 
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Since now tEe surface enclosed by any closed curve can be divided 
up into elements of tbe same shape as ABCD, it follows quite generally 
that: 

The line-integral of the magnetic field strength vanishes for any closed 
'path not enclosing the conductor. 

The value of the line-integral increases 
by I for every complete circuit of the 
conductor. Hence the general expression 
for the value between two points at an 
angular distance ^ apart is 

V-^1/(277) + ^!, 

where n is the number of times that the 
path passes right round the conductor. 

Thus the magnetic potential at a 
point, i.e. the work required to bring a 
unit north pole from infinity up to the 
point (cf. Vol. I, p. 185), is not uniquely 
defined. The unit pole can always be brought up to the point 
in such a way as to make the work performed zero; this is the 
case when the path is radial, so that the magnetic lines of force 
are intersected at right angles. But if a path be chosen which makes 
circuits round the conductor, the value of the potential alters by 
+ I for each circuit. We see, therefore, that the potential itself is 
quite indeterminate, and that the potential difi'erence V between any 
two points is many-valued. The magnetic field strength, however, 
as gradient of the potential difference (Vol. I, p. 191), is umquely 
determined at every point. In forming the gradient of V by differen¬ 
tiating with respect to the path len^h I = fr, the constant term 
nl vanishes and a unique value is obtained. 

General Equation for Circuital Potential.— In determining the cir- 
ctiital potential we select a certain closed path such that the current 
producing the magnetic field fl.ows through the surface enclosed by 
the path. In general, when the current is not flowing in a single con¬ 
ductor but is passing in any manner through the selected surface, we 
have to consider the sum SI of all the currents concerned. Then 

21 . 

For example, if a current of I amperes is flowing tlxough. the 
solenoid shown in section in fig. 45, then the total current passing 
through the surface enclosed by the dotted path is 6I amperes. _ 

Field within a Hollow Conductor.— There must he a magnetic field 
within a conductor carrying a current; for we may regard every 
conductor as composed of a very large number of thin parallel 
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Fig. 44.—Closed path in the 
magnetic field of a current 
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conductors, eacli of wMcli must give rise to a magnetic field. 

Consider first tte case of a Follow conductor, i.e. a tube with very 
thin walls. The arrangement of iron filings (see fig. 46) shows that: 

There is no field within a tube carrying a steady 
current in the direction of its axis. 

® I o external space the form of the lines of 

o 0 force is the same as for a solid wire of the same 
^ of© cross-section. Thus the magnetic fields of the ele- 

I ® i G ^nentary current filaments compensate each other in 

I ; the interior of the tube. 

.-.■' Field in the ease of a Solid Conductor.—^We may 

Fig. 45 .-“Totai cur- regard the solid conductor as composed of concentric 
^ tubes, each of which has an external field but no 
internal field. 

It follows, therefore, that the field strength is 2 ero in the axis of 
the solid conductor. Hence the formula given on p. 186 can only hold 
for the external sjpace. Within the conductor the field strength increases 
as we pass outwards from the axis, becoming at the surface of the 
conductor equal to the corresponding field strength as calculated for the 
external space. The variations of the field strength, both within the 




Fig. 46.—Magnetic field within a hollow Fig. 47.—Magnetic field in the interior 

conductor (after Konig) of a solid conductor 

conductor and outside it, are shown graphically in fig. 47. Later on 
(p. 475) we shall meet with a phenomenon which is due to the internal 
magnetic field. 

The field in the interior of a conductor can be investigated qualitatively by 
means of a small magnetic needle submerged in mercury contained in a wide 
glass cylinder. The electric current enters and leaves at the ends of the cylinder 
by suitable coaxial leads. 

As we have seen on p. 187, there exists a many-valued potential 
difierence between any two points in the external field. Defined as 
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tEe value of tEe liue-integral of tEe field strengtE, tEe potential dif¬ 
ference between two points is tEe same for any two patEs wEicE do 
not pass rigEt round tEe conductor, provided tEat tEe closed patE 
formed by combining tEe two patEs does not pass round tEe conduc¬ 
tor. If tEis condition is not fulfilled, i.e. if tEe closed patE formed by 
combining tEe two patEs passes round tEe conductor (or a part of tEe 
total current in a system of conductors), tEen tEe two values of tEe 
potential difference corresponding to tEe two patEs differ by an 
amount wEicE depends upon tEe strengtE of tEe current enclosed. 
Now in tEe interior of tEe conductor every closed patE must pass 
round a part of tEe total current. Therefore the potential difference 
between two points in the interior of the conductor must depend 
entirely upon the nature of the integration path. 

In the interior of a region tErougE which, an electric current is 
passing there is no such thing as a determinate magnetic potential. 
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Fig. 48.— a, h, and c. Magnetic field of a current flowing through an infinite plate 


Such a field is called a rotational or vortex field. 

The indeterminate nature of the potential in the external field of a 
current flowing in a straight conductor is due to the fact that this field 
is 'produced by a vortex of magnetic force. 

Hydrodynamical Analogy.—^We have already learned the significance of the 
line-integral in the case of circulatory flow (Vol. I, p. 378). The circulation or 
vortex strength was found in this case to be Z = 27z TqVq, the velocity of flow t;o 
being assumed to be inversely proportional to the distance from the axis of 
circulation. Thus we obtain the hydrodynamical analogue of the above electro¬ 
magnetic field by replacing H by Vq. Since in the analogy Z corresponds to I, it 
becomes particularly clear that the current passing through the surface considered 
is nothing else than the vortex strength of the magnetic vortex. 

Magnetic Field of a Plate. — The following is a very instructive example in 
which the relation between electric current and magnetic field comes out with 
especial clarity. Imagine a plate of infinite area and fibiite thickness. The 2 J- 
direction (see fig. 48) is normal to the plate; the cc-direction and ^/-direction are 
in the plane of the plate; the origin of co-ordinates is mid-way between the two 
faces. Imagine an electric current to be flowing through the plate in the ^/-direc- 
tion, the lines of flow being straight and parallel. Then the magnetic Mnes of force 
of the field of this current are also parallel and straight; above the plate they 
run in the positive ic-direction (towards the observer in fig. 480'), below the plate 
in the negative a;-direotion. Both above and below the plate the field is homo¬ 
geneous, i.e. the field strength is independent of the distance from the plate. 
This is due to the assumed infini te extent of the plate in the x- and ^-directions. 
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In the interior of the plate, however, the field strength falls off linearly, becoming 
zero half-way through. The thickness of the plate being 2z and the external field 
strength H^, the internal field strength decreases from to zero in the distance 
z (see fig. 48b). The connexion between the magnetic field strength and the 
strength of the current in the plate can be found easily. We determine the mag¬ 
netic potential for a closed curve, e.g. the rectangle shown in fig. 48c. We choose 
this rectangle so that the side which is parallel to the magnetic lines of force is 
1 cm. long. According to p. 186 the circuital potential is equal to the strength of 
the current encircled. In our case this is the current which flows through a strip 
of the plate 1 cm. wide. If is the current density in amp./cm. 2 , the strength 
of this current is G^A = . 2z. 1, where A is the area enclosed by the rectangle. 

Therefore V = 2H^ = 2G^z, w'hence = G^z. 

Thus as w^e pass through the plate from the upper surface to the lower we 
have a change of the magnetic field strength in a direction at right angles to the 
magnetic field. But such a change corresponds to a vortex (cf. fig. 31, p. 31). In 
the example under consideration we have a vortex of the simplest kind. It follows 
from above that the magnitude Hjg/ 2 : of the vortex is equal to G^. It is thus the 
same at all points and equal to the current density. This example provides the 
simplest case of the rotational or vortex field of a current. 

7. The so-called Absolute Electromagnetic Unit of Current 
Strength 

Before the relationships discussed in the foregoing paragraphs 
had been expressed in the clear form which Maxwell gave to Faraday’s 
intuitive mental pictures, efforts were directed towards the description 
of electromagnetic phenomena in terms of laws formulated on the 
pattern of Newton’s law of gravitation. Since the first attempts to 
fix magnetic and electric units were based upon this type of formula¬ 
tion, we must for historical reasons consider them in more detail. 

Biot-Savart Law. —Biot * and Savart f were 
the first (1820) to investigate thoroughly the 
magnetic field of a current flowing in a conductor. 
They came to the conclusion that the total mag¬ 
netic effect could be considered as the combination 
of the partial effects of the current elements. 

In fig. 49 let AB be a very tbin conductor 
carrying a current of strength I. The small 
element ds of the conductor can he regarded as 
straight. A point magnetic north pole of unit 
strength is situated at m, its distance from ds 
being r. Let the line joining ds to m make an 
angle with the element ds. Then according to 
the Biot-Savart law the force exerted by the current in the element 
upon the unit pole is 

dH=C'.^^.ds. 

* Jbak Baptiste Biot (1774-1862), celebrated Frencb savant, announced the 
law in 1820. 

t Savaht ( 1791 - 1841 ). 



Fig. 49.—^Biot-Savart law 
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Tliis force is normal to the plane through the element ds and the line 
joining it to the pole, and the sense of the force is determined by the 
sense of rotation of a corkscrew boring in the direction of the current. 
The factor C' is a constant whose value depends upon the choice of 
units (pp. 192 and 193). 

The Biot-Savart law is formulated on the pattern of Newton’s law 
of gravitation and Coulomb’s law; like these it is by nature a law of 
action at a distance. With its help it is possible to calculate the field 
of a current in a conductor of any shape, the partial field strengths 
corresponding to the different elements being compounded to give a 
resultant by the parallelogram law. 

The actual calculation usually presents very great difficulties, and 
can only be performed in the case of conductors of simple shapes. The 
value of the above formula is also restricted by the fact that it only 
holds for homogeneously filled space.* 

The Biot-Savart law can also be formulated for conductors of 
finite cross-section. In this case we have to consider volume elements 
dv instead of elements of length ds, and 

current density G instead of current - 

strength I. The total effect of all the 

elements is obtained by integration and \ 

has the value / \ 


where ^ is the angle between the direc- 

tion of flow of the current and the line - 

joining the volume element to the point pig. 50.—Field at the centre of a 
under consideration. conductor due to a current flow- 

rm -ri- a j. i i -LUX Application of Biot- 

The Biot-Savart law also holds lor savartiaw. 


points in the interior of the conductor. 

Field Strength at the Centre of a 
Circular Ring round which a Current is Flowing. —We will cal¬ 
culate this as an example of the application of the Biot-Savart 
law. Let the strength of the current in the ring be I. Consider a 
magnetic pole of strength m to be situated at the centre of the ring 
(fig. 50). We divide up the conductor into elements ds, each 
of which can be regarded as straight. Since each of these ele¬ 
ments is at rip'ht angles to the corresponding radius, the factor 
sin (f> in the formula of the Biot-Savart law is equal to unity for 
every element. The force exerted by each element upon the magnetic 
pole at the centre is therefore equal to C'lmdslr^. The total force P 
is obtained in this case by simple addition of all the elements of force. 


♦ More strictly, for space of constant permeability (p. 404), 
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all of wHcIl are in tlie same direction. Now tlie factors and 
are constant^ and we obtain 


P = 



CTm ^ 27TCTm 

—^ . 277 ^= ——. 


Tie magnetic field strength is tberefore 

H = P/m=27rCT/r. 


Tbe same calculation can be performed for a circular arc of length 
b (fig. 51). In this case we have J & = 6 and the magnetic field strength 
is therefore H = C'SI/r^. 

Definition of the Electromagnetic Unit of Current Strength. —The 
result just obtained was made use of by Gauss and Weber to define 
the unit of current strength in terms of purely mechanical quantities 
measurable in cm., gm., and sec. This involves the definition of H by 
force effects (see p. 125 and 178), i.e. in purely mechanical units. Then 
H being measured in gauss, the unit of current strength is defined 
BO as to make the factor C' in the last equation 
above equal to unity, i.e. the unit of current 
strength is defined as that strength for which 
H = 1 gauss when 5=1 cm. and r = 1 cm. 

The electromagnetic C.G.S. unit of current 
strength is the strength of a current which, when 
flowing round a circular arc of 1 cm. length 
and 1 cm. radius, produces at the centre of the 
circle a magnetic field strength of 1 C.Gf.S. unit, 
i.e. 1 gauss. 

Employing this unit, the expression for the 
field strength at the centre of a circular ring carrying a current of 
strength I simplifies to H = ^Trljr (H in gauss, I in electromagnetic 
C.G.S. units). 

The electromagnetic C.G.S. unit of current strength is equal to 
10 amperes.* 

Measuring I in amperes and H in gauss, the formula for the field 
strength at the centre of a circular ring becomes 



Fig. SI. —Field at the 
centre of a circular arc 
through which a current 
is flowing 


H: 


: iTTl/r. 


It can be shown with the help of the Biot-Savart law (the details 
of the calculation need not be given here) that the field strength at a 
distance r from a very long straight conductor carrying a current is 
H = 2CT/r. If we express H in gauss and I in electromagnetic C.G.S. 
units, then C' = 1 and we obtain H = 2I/r. Or expressing H in gauss 
and I in amperes, H= \ljr. But when H was expressed in ampere- 

* See the historical account on p. 193. 
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ttixns/cm. we Lad (p. 186) H= ^ll{Trr), Therefore 1 ampere-turn/cm. 
is e( 3 [ual to 27r/5 — 1*257 ganss. From tLis it follows that ■wEcn H is 
expressed in ampere-t-orns per cm. and I in amperes tEe factor C' has 
the value l/(47r). (See also p. 178.) 

The derivation of the Biot-Savart law involves a point magnetic 
pole, such as can never he realized in practice. Moreover, the formulae 
for a ring conductor apply only to the central point, whereas every 
magnetic needle is of finite size and necessarily extends to other points. 
These considerations show that the actual realization of the unit of 
current defined by means of the law is beset with very great practical 
•difficulties and theoretical doubts, such as required all the genius and 
acumen of Gaitss and Webeu to overcome them. On this account it 
has been decided to define the unit of current strength electrolytically. 
In order to simplify the change, the unit defined electrolytically was 
made as nearly as possible equal to of the earlier electromagnetic 
C.G.S. unit. The electrolytically defined unit is the ampere, to which 
reference has already been made on p. 155. 

Historical.— Gauss and Webee.* were the first to attempt to build up a rigid 
quantitative system of electrodynamics. Tor this purpose it was necessary to fix 
a system of measurement. Their fundamental aim was to refer all physical 
measurements to three hasie units (nowadays called the gramme, centimetre, 
and second). At this time (the first half of the 19th century) there existed upon 
the Continent a mathematical-physical ideal, namely to reduce all natural laws 
to the form of Newton’s law of gravitation and wherever possible to explain 
them in terms of this law. In the hands of the celebrated French mathematicians 
this law had shortly before (towards the end of the 18th century) led to sur¬ 
prising successes in the mechanics of heavenly bodies. Moreover Coulomb’s laws, 
which were formulated after the same pattern, had just at this time become of 
epoch-making importance for the shaping of the concepts and the construction 
of quantitative systems in the sciences of magnetism and electricity. In the 
equations of Coulomb’s laws only mechanical quantities (force, distance) occur, 
except for a quantity characteristic of the phenomena concerned (quantity of 
electricity or magnetic pole strength). Thus it is possible (see p. 125) by means of 
these equations to-fix units for electrical and magnetic quantities in the C.G.S. 
system. This method seemed particularly suitable at that time, because the 
measurement of forces, upon which the method ultimately depends, had been 
developed to a high degree of precision. Thus it was possible in this way to achieve 
a previously unattained clarity and reproducibility in the measurements. When 
therefor© it proved necessary to introduce international legal units, reference was 
naturally made to the fundamental system of Gauss and Weber. At the Paris 
Congress in 1884 (at which Weber was not present) the units still in general use 
nowadays were defined as equal to the electromagnetic C.G.S. units multiplied 
in each case by a power of ten, as suited the requirements of the science at that 
time. Since the electromagnetic unit of current strength was considered to be 
too great, the legal unit was defined as of the electromagnetic unit. In spite 
of the distinguished work of Weber, whose name was suggested by the English 
delegates as a name for the new unit, this was called the ampere.f 

Comparison of the Electrostatic and Electromagnetic Unita of 

* See footnote, p. 196. f See further, pp. 155 and 37fi. 

( 1617 ) 
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Current Strength.—^In addition to the legal system, we have become 
acquainted with two so-called absolute systems of measurement, the 
first of which is based upon the forces between point electric charges 
and the second upon forces between point magnetic poles. Now an 
electric current is associated with a magnetic field, and therefore it 
must be possible to find a connexion between the two systems. Since 
the magnetic field is a property of electric charges in motion, we shall 
expect that the concept of motion wiU play a part in the connexion 
between the two systems. The comparison of the two systems has 
been of great importance historically and therefore we will go into it 
in some detail. 

In order to obtain the ratio of the measures of current strength 
(or quantity of electricity) in the two systems, all that is necessary 
is to measure the magnetic field produced by a current strength of 
one electrostatic unit when fiLowing round a circular conductor. 

Having regard to tlie bistori- 
cal development of the subject, 
we may use the absolute electro¬ 
meter of Thomson (fig. 86, p. 
72) to carry out this measure¬ 
ment. In this method the elec¬ 
trical measurement is performed 
Fig. 52 . —^Determination of the ratio of the electro- by means of a weighing and a 
static and electromagnetic units of current strength measurement of length. In this 

way we determine the electro¬ 
motive force (potential difierence) of a galvanic battery B (fig. 52) in electrostatic 
units, basing the measurement (in accordance with the definition of the 
electrostatic unit) upon the force between static charges.* 

We then connect the one plate of a measuring condenser K to earth. The 
other plate, which is surrounded by a guard ring, we connect to the tuning fork 
shown. This is so arranged that during each vibration its prong makes contact 
once with a point which is connected to one end of the battery B and once with 
another point which is connected via a galvanometer A to earth. The other end 
of the battery is also connected to earth (see figure). In accordance with the 
historical development of the ideas involved we use a tangent galvanometer of 
high sensitivity, i.e. with a low constant. (Instead of using the earth's field in 
the measurement, as is done in the case of the tangent galvanometer, it is much 
better to make use of the much more accurately determined electrolytic effects, 
i.e. to use some form of sensitive ampere meter and, applying the equation 1 
electromagnetic unit = 10 amperes, read ofi the current strength dicectly in 
electromagnetic units.) Naturally the circuit must be so arranged that the guard 
ring is charged up by the battery simultaneously with the condenser proper, and 
that condenser and guard ring are also discharged simultaneously. The dis¬ 
charge of the guard ring must not, however, pass through the galvanometer. 
After each half vibration of the tuning fork there is alternately a discharge and 
recharging of the condenser to the potential difference of the battery. Suppose 
that the condenser takes up Qq electrostatic units of electricity each time it is 
charged. Let v be the frequency of the fork. Then vQq electrostatic units pass 
through the galvanometer per second, i.e. the mean current strength Iq in elec- 

* Nowadays the potential difference would be determined more simply by means 
of a standard cell. 




ELECTROMAGNETIC UNIT OF CURRENT 195 


trostatic units is Iq ~ vQq. The capacity Cq of the condenser is given Tby Cq = 
Al[4.7zd) (see pp. 73 and 81). Hence 


Qo 


AUo 

47rcZ’ 


where Uq is the potential difference of the battery B, and 

T 

® 4:v:d * 


Example .—Suppose the battery B to consist of 1000 cells. In this case the 
potential difference as measured with the absolute electrometer would be 6*7 
electrostatic units (e.s.u.). Let the diameter of the circular condenser plate be 
20 cm., the distance d between the condenser plates 0*5 cm. and the frequency 
of the fork v — 250. We should then have 


250.6-7.100TC 
4tu . 0*5 


8-4.10^ e.s.u. 


Suppose that a tangent galvanometer with n == 3000 turns of very fine wire is 
used. Let the measured value of the earth’s horizontal intensity be H — 0*18 
gauss, and let the mean radius of the turns of the galvanometer coil be r = 5 cm. 
The galvanometer constant would then be 


R - 


5.0*18 

2ti:.3000 


4*77.10-5. 


The galvanometer deflection, measured with Poggendoiifi’’s mirror device, 
would be a = 3° 20', i.e. tana = 0*0583. Therefore 


I — R tana ~ 4*79.10“®. 5*83.10-^ =* 2*78.10“® electromagnetic units. 

(Instead of using the tangent galvanometer, the current strength might have 
been read off directly from a suitable calibrated instrument as 2*78.10~5 amperes.) 
Now the current strength Iq in electrostatic units is the same as I in electro¬ 
magnetic units (e.m.u.). Therefore we have 

27*8.10-’^ e.m.u. == 8*4.10^ e.s.u., 

. , 8*4,104 

whence 1 e.m.u. = 27*8 l6~ '^ ^ ®*s-n. 

~ 1 e.m.u. of current strength _ 1 e.m.u. of charge 
^ 1 e.s.u. of current strength 1 e.s.u. of charge 

= 3 . 104 ®. 

Weber’s Constant.—Experimental investigations witli tEe object 
of determining tbe ratio of the two fundamental units of charge (or 
current strength) were first undertaken in 1856 by E. Kohlraijsch 
and Wilhelm Weber after Weber had already indicated in 1852 

* Wilhelm Eduabb Weber (1804-91), Professor of Physics in Gottingen, one of 
the greatest of physicists. In collaboration with his brother Ebhst HErNRiCH (1795- 
1878), who later became Professor of Physiology at Leipzig, he published in 1825 
fundamental treatises upon the theory of waves. Working with KArl Eriebrich 
Gauss (1777-1855), he made the fundamental magnetic and electrical observations for 
the construction of the so-called absolute system of measurement. Amongst all in¬ 
vestigators Gauss and Weber were the first to attempt to base the laws of electro-r 
magnetism upon precise quantitative measurements. 
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Low the numerical value of c could be measured. Our knowledge of 
this constant is thus primarily due to Weber, and in this book we will 
therefore refer to it in future as Weber's constant. Repeated determina¬ 
tions of its value have been made with the greatest possible accuracy 
right up to the most recent times. 

The magnitude of Weber’s constant agrees with surprising accuracy 
with that of the velocity of light. The discovery of this fact was the 
most far-reaching outcome of these investigations, which therefore 
showed that light must undoubtedly be related in some way to the 
magnetic field of electricity in motion—a fact of fundamental impor¬ 
tance for an understanding of the nature of light. 

From the most recent determinations * which give the international ohm as 
1*00051 absolute ohms (p. 221), we deduce the value c = 2‘9979 . for Weber’s 
constant. The most reliable value for the velocity of light (according to Michel- 
son) is also 2*9979.10^° cm./sec. 

Weber's Constant as a Velocity .—^From considerations of the mag¬ 
netic field of a charged body in motion (convection current) it can be 
shown that Weber’s constant has the dimensions of a velocity. 

Imagine an electrically charged rhig of tinfoil to rotate about an axis through 
its centre and at right angles to its plane. The lines of force may be supposed 
to end upon very distant surroundings; they therefore move at right angles to 
themselves. If the mean radius of the ring of tinfoil is r and its breadth 6, the 
total area of both its surfaces is 4:7CTb. If its total charge is Qq e.s.u., the surface 
density oq is Qo/(4:Tur5). Now there are 4:tzgq electrostatic lines of force per unit 
area. Hence the electric field strength near the ring in air is Eq = 4:7rao = Qo/(^^) 
e.s.u. 

The rotating metal ring behaves like an electric current of strength I e.m.u. 
The circuital potential of the magnetic field (p. 192) is 4 ti:I. Let the magnetic 
field strength near the ring be H gauss. Then we can also calculate the circuital 
potential as the work performed in taking a unit pole against the field H around 
the cross-section of the ring. This cross-section has the form of a rectangle with 
two long sides each of length 6 and two very short sides whose length can be 
neglected when the tinfoil is very thin. The work done during the circuit is then 
26H. Hence 26H — 47ul or I = -I^H/tt e.m.u. But 1q — vQo e.s.u., where v is 
the number of revolutions per second. Also Iq/I == c. Therefore vQo = -Jc&H/tc. 
Substituting Qq — Eo?*5 from above, we obtain 

’EqtIv = IcSH/tc 

or cH == 27 WvEo. 

Here 27rfv is eq^ual to v, the velocity of translation of the electric charge or of the 
field associated with it. Hence we have 


cH = vEq, 

This equation, which we will call the convection equation, states 
that: 

* Made in 1921 by E. Gbuxeisex and E, Gibbe at the German P'hys.4echn, Meichs- 
unMalt. 
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In the case of an electric field in motion there is also a magnetic field. 
The direction of the magnetic field is at right angles both to the direction, 
of the electric field and to its direction of motion. The field strength of the 
magnetic field is proportional both to the field strength of the electric field 
and to its velocity of motion. For a velocity v= c = 3. 10 ^^ cm. (sec. 
the value of the magnetic field strength expressed in magnetic units {gauss) 
is equal to that of the electric field strength expressed in electrostatic units. 

The significance of this relationship is as follows: Both systems, 
the electrostatic and the electromagnetic, have a com m on foundation 
in that the units of field strength, upon which they are respectively 
based, are defined respectively by means of an electric field and a 
magnetic field, in both of which the force efiects are of the same abso¬ 
lute magnitude. The convection equation therefore expresses the 
fact that a magnetic field is absolutely equal, as regards force effects, 
to the moving electric field producing it, i.e. both fields have the 
same energy density, when the electric field is moving with the velocity 
c (velocity of light) at right angles to the electric and magnetic lines 
of force. This is the reason for the importance of the constant c in 
connecting the two systems of measurement, both of which are based 
upon the same unit of force. 

This historical significance of the comparison of the two systems of 
measurement lies in the fact that it stimulated the comparison of 
electric and magnetic fields of the same absolute strength. The dis¬ 
covery that the constant c is identical with the velocity of light was 
of special importance in that it forged a connecting link between two 
previously quite separate' branches of physics—flight and electro¬ 
magnetism. 

Generalized Convection Equation.—^In the case where the motion 
of the electric field is not at right angles to its lines of force, i.e. where 
the velocity vector v makes an angle (E, v) with the field strength 
vector E, we have to take the component of the field strength at right 
angles to v instead of the whole field strength as above. Thus in place 
of E we have E sin(E, v). 

Writing the equation in the legal system of measurement, and 
remembering that 1 volt/cm. = 1/300 e.s.u. and 1 ampere-turn per 
cm. = 27r/5 gauss, we obtain 

9 1 

= 355.2 sin (E,*). 


Writing E„ for E sm(E, v), we liave finally 


1 V 
® “ 377 c 


or 
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wheie H is measured in ampere-turns per cm, and in volts per 
cm. 

Tlie direction of tEe magnetic Md may be found by imagining tbe 
vector V to be turned towards tbe positive direction of tbe vector E^, 
Tbe direction of H is then tbe direction in which a right-handed screw 
would advance when turned in tbe same sense as v (see fig. 8, p. 
164). 

Although a static electric field {v = 0) has no magnetic field, a 
magnetic field is produced as soon as tbe electric field moves in a 
direction at right angles to its lines of force. Tbe strength of tbe mag¬ 
netic field increases in direct proportion to tbe magnitude of the 
velocity. Tbe significance of the velocity c is that an electric field 
moving with this velocity at right angles to its lines of force produces 
a magnetic field of such a strength that tbe energy densities of both 
fields are equal at every point. 

In this particular case, i.e. when the electric and magnetic energy 
densities are everjrwbere equal, we have E = 377H, E being expressed 
in volts per cm. and H in ampere-turns per cm. 

Note ,—^It should be noted that, though a static electric field cannot be de¬ 
tected when an equal and opposite static field is superimposed upon it, yet as 
soon as one of the fields is set in motion its magnetic effect can be observed. This 
case occurred, for example, in the experiments upon convection currents discussed 
on p. 165. The magnetic effect of the rotating plate was detected by means of 
a magnetometer totally enclosed in a metal case to shield it from electrostatic 
influences. This leads us to the remarkable conclusion that at a point at which 
two fields neutralize each other the corresponding equal and opposite excitations 
of the ether must still be present. 


8. Maxwell’s First Equation 

Calculation of tbe Strength of the Magnetic Field of a Displacement 
Current. —^Maxwell’s assumption that a condenser in tbe process of 
being charged or discharged must be surrounded by a magnetic field 
due to tbe displacement current has already been discussed on p. 167. 

During charging, tbe electric lines of force of tbe field in tbe con¬ 
denser move inwards from tbe periphery in all directions. The mag¬ 
netic lines of force must therefore be circular and at right angles both 
to tbe direction of motion of tbe electric lines of force and to tbe 
electric lines of force themselves. Thus there must be a rotational 
magnetic field (p. 189 et seg.) within tbe condenser, just as though 
tbe charging current passed through tbe condenser by metallic 
conduction (fig. 14, p. 167). 

We may make use of the convection equation of the last paragraph to estimate 
the strength of the conduction current which, passing hy metallic conduction through 
the condenser, would produce the same magnetic field there as is produced, 
according to Maxwell's theory, hy the displacement current during the charging 
process. 
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If A is the area and r the radius of the circular condenser plates, and if E is the 
magnitude of the electric field strength ■within the condenser, then the total 
number of lines (or flux) of force in the condenser is KqAE. According to p. 70 
the corresponding charge is 

Q = KqAE. 


In the element of time dt the q'uantity of charge flows into the condenser 
and increases the flux of fines of force by 


This increase in the number of lines of force can also be calculated in another 
way, for it is due to the passage of lines of force into the condenser from the 
edge of length If the velocity of motion of the lines of force passing inwards 
at the edge is v, then in the time dt the lines of force initially associated with 
a peripheral ring element of area 27crv dt will have been completely replaced by 
new lines entering from outside. Xow in the time dt the field strength within 
the condenser does not alter appreciably. Hence the newly arrived fines of force 
must produce the same field strength E. The number of fines of force entering 
in the time dt must therefore be 2izrv dt . E. 


Thus 

whence 


dQ, = 27rrKQvEd^, 


27crKA dt 


vE. 


Here d(ildt is the rate of addition of electricity to the condenser, i.e. the current 
strength I. Putting tjE — 377cH in accordance with the convection equation 
obtained on p. 197, and remembering that 377Ko^5 “ 1? "we have 

j3-__I_ 1 _ 

27zr 2T:r 


But according to the formula of p. 186 this is identical with the magnetic field 
strength of a current flowing in a straight conductor, I being the current strength 
and r the distance from the conductor. Thus the magnetic field of our condenser 
during the process of charging is the same as if the charging current of strength 
I were flowing through it by metallic conduction. We arrive therefore at the 
following important result: 


The magnetic effect of a variable electric field between condenser filates 
is exactly the same as if the charging current were flowing through a metallic 
conductor joining the plates. 

Closed Character of Electric Currents.—^It follows from the above 
result that, neglecting the processes in the interior of a conductor 
through which a current is flowing, and judging the current only by 
means of its observable effects in the surrounding space (i.e. imagining 
the whole arrangement, conductors, condenser, &c., enclosed in an 
opaque cardboard box), we have no means whatever of distinguishing 
the displacement current within the condenser from the conduction 
current in the metal wires. A circuit including a condenser in the 
process of being charged is indistinguishable from a circuit consisting 
only of metallic conductors without any breaks. Following Maxwell, 
we ascribe the magnetic field of the varpng electric field in the con- 
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denser (either in vacuum or in a dielectric) to a so-called displacement 
current (see p. 167). According to Maxwell’s view, therefore, the 
circuit is '' closed ” in the sense of being completed by the displace¬ 
ment current at the places where conduction is impossible. 


If the space between the plates of the condenser is filled with a dielectric of 
dielectric constant K, then we have to replace Kq® IK-oKE in the above treat¬ 
ment. The result of the calculation is independent of E and is thus not affected. 
For a given electric field strength E, however, the charge Q and hence also the 
strength I of the charging current are increased by the factor R. Hence the 
displacement current must also be increased in the same ratio. 

For a given field strength, varying in a given manner, the disrilacement current 
is K times greater in a didectric of dielectric constant K than in a vacuum. 

The magnitude of the strength of the displacement current passing normally 
through an area A in a dielectric of dielectric constant K is therefore 


1 = 


dE 

KoKA-^ 


dt ^ 


where E and D are the magnitudes of the resolved parts of the electric field 
strength and displacement respectively at right angles to the area A. 

Now we can regard every electrically charged body as part of a 
condenser. Hence the process of charging must always produce a 
displacement current in the space surrounding the body. During the 
charging of a metal ball supported upon a glass column, for example, 
there is a displacement current in the surrounding space. This current 
is between the ball and those conductors upon which, after the charg¬ 
ing process is over, the equal and opposite charge is to be found, i.e. 
the displacement current is produced in the region occupied by the 
electric field necessarily accompanying the charging process. During 
this process the whole of this region is filled with a rotational magnetic 
field, the invariable sign showing the presence of a current, whether 
conduction current or displacement current. In this sense, therefore, 
the following statements are seen to hold: 

All electric currents are necessarily closed; and: 

Every charging current flowing to an insulated conductor is continued 
into the insulator as a displacement current without alteration of total 
current strength. 

Maxwell’s First Equation.—The equation of p. 187, which connects 
the value of the Ime-integral of the magnetic field strength around a 
closed path (circuital potential) with the total current strength flowing 
through the surface bounded by the closed path, can now be written 
in a more general form. Let the strengths of the conduction currents 
through the surface bounded by the closed path be ly, and those of 
the convection currents (Q == charge, v == velocity). In addition 
to these currents, suppose that the electric field strength is varying. 
Then in addition to the magnetic fields of the conduction and con¬ 
vection currents we shall have the magnetic fields of the displacement 
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currents corresponding to tLe field variations. Suppose tliat tlie closed 
path encloses a number of surfaces of area Afx over which the field 
strength is varying. The fluxes through these areas are 

corresponding electric displacement) and the equivalent charges 
are also The strengths of the displacement currents are equal 

to the rates of change of these charges, i.e. d{AfJ)iJi)ldL Hence the 
magnitude of the circuital potential V is the sum of the strengths of 
the conduction, convection, and displacement currents. This is ex¬ 
pressed by the general equation: 

V=S llu+ 

V^TT^fJL L Ctt -1 

This is the general form of the equation of p. 187, and is one of the 
fundamental equations first set up by Maxwell. 

Note .—^When no closed metallic conductors penetrate the surface bounded 
by the closed path and when no moving charged bodies pass through it, we 
obtain an electromagnetic law for the dielectric alone. Supposing D to be con¬ 
stant over the whole surface bounded by the closed path, the total flux through 
this surface is 

9^ = AD 

where A is the area. In this case Maxwell’s equation assumes the form 

dt' 

A varying flux of eleotrio displacement is surrounded in space by a magnetic 
fleld whose direction is everywhere at right angles to the direction of the electric field 
and whose circuital potential is equal to the rate of change of the displacement flux. 

9. Ponderomotive * Force Eflfects of a Steady Magnetic 
Field 

The tension and lateral repulsion of the lines of force are trans¬ 
mitted to the matter through which the current producing the magnetic 
field is flowing. This gives rise to ponderomotive efiects, i.e. motions of 
weighable matter. In what follows we will only give a qualitative 
treatment of the forces tending to produce these motions. The quanti¬ 
tative treatment cannot be undertaken until we have considered the 
reaction of the motions upon the field (p. 440 et seq.). In the case of 
magnetic poles we have already become acquainted with a formula 
expressing the forces (Biot-Savart law). 

Mutual Action of Two Currents. —The motions of a solenoid and 
a ring conductor carrying currents in a magnetic field have already 
been mentioned shortly on p. 171. 

Since a ring conductor carrying a current is completely equivalent 
to a magnetic shell, it follows that two such ring conductors must 

* Lat., pondus, weight. 
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attract eact other when placed so that the north polar surface of the 
one equivalent magnetic shell faces the south polar surface of the 
other. In this case both currents flow round in 



Fig. 53.—^Roget’s spiral 


the same sense. On the other hand, if the two 
rings are so placed that the adjacent surfaces of 
the equivalent magnetic shells are of similar 
polarity, then there is mutual repulsion. In this 
case the two currents flow round in opposite 
senses. 

The action of Roget’s spiral* (shown in fig. 53) 
depends npon the mutual attraction of two parallel ring 
conductors round which currents are flowing in the 
same sense. In the case of the spiral this attraction 
between the turns causes the spiral to shorten. As a 
result the lower end is lifted out of the cup of mercury 


and the current is interrupted. Thus the spiral alternately contracts and expands 


again, breaking and making the current circuit at regular intervals. 


Conductors of other shapes also attract and repel each other when 
carrying currents. 

Reference to fig. 7 (p. 163) and fig. 64 makes the following facts 
easy to understand: 



Parallel aments attract one another 
when flowing in the same sense and 
repel one another when flowing in 
opposite senses. The forces between 
inclined currents are such as to tend 
to mahe them parallel.'f 

The mutual attraction and repulsion 
between two parallel conductors carrying 
currents can be demonstrated conveniently 
as shown in figs. 55 and 56. Two copper 
wires of about 0-5 mm. diameter and 
about 60 cm. long are stretched ver¬ 
tically at a distance of about 3 mm. 
apart. For this purpose the wires are 
passed through two small corks which 
are then held in suitable clamps. When, 
as in fig. 55, the two wires are joined 
above and below by connecting sleeves. 


Fig. 54.—Lines of force around two parallel the Currents in both are in the same sense. 


conductors carrying currents in the same sense As SOOn aS the current (about 10 amp.) 


is switched on, the two wires approach 
one another. On the other hand when, as in fig. 56, the wires are only joined at 
the top and the current is made to enter and leave the lower ends, the sens© of 
flow in the one wire is opposite from that in the other. In this case the wires 


are forced apart when the current is switched on. 


* Peter Roget (1779-1869), physician in London. 

•}• These laws were first expressed in this general form by Ampere. 



PONDEROMOTIVE FORCE 


203 


Application of these principles to the case of a ring conductor 
shows that all the elements of the ring tend to move radially 
outwards. Thus when a current is passed 
through a flexible loop of thin metal foil 
IK or tinsel, the loop is at once opened out 
^ circle. Tins illustrates very clearly 
the lateral repulsion between the magnetic 
lines of force which thread the loop 
(p. 430). 

Magnetic Pole in the Magnetic Field of a 
A A Current.—The experiment given on p. 181 j | 

1 1 can be so modified as to give a continuous ' ^ 

rotation. Fig. 57 shows the arrangement. 

Two parallel bar magnets NS with like poles 
adjacent can rotate about an axis in the manner 
shown in the figure. The current flows from below 
up the axis, but branches off opposite the middle ^ 

points of the magnets and passes by way of a 
curved copper arm to a circular ring-shaped trough 
-fof mercury, which bears the other terminal. When \-“ 

^ the current is flowing, the magnets rotate con- ' 

Fig. sS.-“At- tinuously. Fig. s6.—Re¬ 
traction between pulsion between 

flowiigTal . This rotation is at once understandable 

same sense. in the light of what was said on. p. 181. posite senses. 

The energy of rotation is obviously derived 
from the magnetic field, i.e. from the current producing this field. 
The way in which this occurs cannot be discussed until later (cf. 


p. 643). 

Principle of Action and Reaction.—This prin¬ 
ciple (see Vol. I, p. 70) also holds for the mutual 
forces between currents and magnets. A force 
is not only exerted by the current upon the 
magnet, but' also by the magnet upon the 
current (i.e. upon the conductor carrying the 
current). This can easily be shown by the follow¬ 
ing experiments. 

The electric circuit, consisting of an accumulator B 
and a loop of wire, is so arranged that the current 
flows round a magnetic needle. When the circuit is 
held fast (as in fig. 58), the magnetic needle is deflected Fig. sy.—Rotation of a 
in accordance with the considerations put forward on “ magnetic pole ” around a 
p. 138. But when the circuit is connected rigidly to the carrying a cur- 

magnetic needle (fig. 59), the whole being free to move, 
no motion is observed in spite of the considerable turn¬ 
ing moment exerted by the current upon the needle. This proves that the 
conductor carrying the current is subjected in the field of the magnet to forces 
which are exactly equal and opposite to those exerted by the current upon the 
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magnet. THs can also be demonstrated directly by clamping the magnet and 
suspending the "wbole electric circuit so that it is free to rotate (fig* 60). The 



Fig. 58.—Magnet Fig. 59. — Magnet Fig. 60. — Magnet 

movable, electric cir- and electric circuit fixed, electric circuit 

cuit fixed: the magnet rigidly connected and movable: the circuit 

turns. movable as a whole: turns in the opposite 

no result. sense from the magnet 

in fig. 58. 

Figs. 58, 59, and 60.—^Principle of action and reaction 


electric circuit is deflected in the opposite direction.from the previous deflection 
of the magnet. 

Conductor carrying a Current in a Magnetic Field.—The motion 
of a conductor carrying a current in a magnetic field can be demon¬ 
strated elegantly by the following experiment. 

A flexible conductor composed of several strips 
of thin metal foil or several strands of tinsel is 
hung up loosely beside a vertical steel magnet 
(fig. 61). When a cxnrent is sent through it, the 
conductor winds itself in a spiral around the 
magnet (see figure). Reversal of the current 
causes the conductor to unwind itself and then 
wind itself up again in the opposite sense. 

Tbe experiment can also be varied by 
using a conductor suspended at the upper 
end and dipping at tbe lower end into 
mercury (see fig. 62). Wben carrying a 
conductor rotates continuously 
flexible conduc- around tlie pole of tke magnet (Faraday’s 

^olBti .011 experiment). - _ 

current is flow- The seuse of the rotation can easily be tatioT 
derived from a consideration of the nature 
of the magnetic field, which is governed 
by the corkscrew rule. In this connexion the following experiment 
is instructive. 

We hang a flexible conductor loosely between two stands (see fig. 63), so 
that a part of it is between the poles of an electromagnet. We may imagine the 
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poles of the magnet to be placed so that in the figure the lines of force are directed 
away from the observer. The stands holding the conductor are now connected 



Fig. 63.—^Force upon a conductor carrying a current in a homogeneous magnetic field 


to the poles of a battery and the current is switched on. In the case where the 
current is from left to right in the figure, the conductor is immediately jerked 
upwards from between the magnetic poles. Reversal of the current (as in the 
figure) or reversal of the poles of the electromagnet causes the conductor to 
move in the opposite sense. 

If we attempt to bring back tbe flexible conductor to its original 
position between the magnetic poles, we experience a marked resis¬ 
tance, just as if there were an invisible spring opposing us. 

A modification of this experiment is the so-called Barlow’s wheel (fig. 64). 
A small, easily rotating copper wheel is motmted between the poles of a magnet. 



Fig. 64.—^Barlow’s wheel 



Fig. 65.—^Lines of force around a 
conductor carrying a current at right 
angles to a magnetic field. 


Its rim dips into a small trough of mercury, which is connected to one pole of a 
battery. The other pole is connected to the axis of the wheel, so that the current 
flows radially. When the current is flowing, the wheel rotates continuously. A 
solid circular disc can be used instead of a wheel with spokes. Concerning the 
conclusions to be drawn from this see p. 363. 

The sense of the motion can be readily derived from the diagram 
of the lines of force (fig. 65). We see from this that the condnctor is 
driven at right angles to the magnetic field. The sense can be obtained 
in each case by application of the corkscrew rule. The relationships 
are shown in fig. 66. 

When the current, flows from left to rights as viewed hy an observer 
looking in the ^positive direction of the magnetic lines offeree, the conductor 
tends to move upwards. 
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These relationships can be remembered by means of the so-called left-hand 
rule (fig. 67). 

Imagine the left hand to he laid upon the conductor so that the direction and sense 


Fig. 66.—Direction and sense of the force upon a Fig. 67.—^Left-hand rule 

conductor carrying a current in a magnetic field 

of the current is from wrist to finger tips, and so that the palm is turned towards the 
north pole as if the hand were about to grasp it {i.e, so that the lines of force are nor¬ 
mal to the hand and directed from the palm towards the bach). Then the direction in 
tohich the conductor is urged is the direction of the outstretched thumb (see figure). 

Concerning the magnitude of the forces acting see p. 440 et seq. 

10. Electromagnets and their Applications 

Althongli we cannot yet give a quantitative treatment of the 
infinence of matter upon a magnetic field (see § 2, p. 402), the impor¬ 
tance of the effects involved is so great that we must make ourselves 
acquainted with them qualitatively before going farther. 

Electromagnets.—A long iron rod, placed within a solenoid so 
as completely to fill the space within it, becomes strongly magnetized 
when a current is passed through the solenoid. This arrangement is 
called an electromagnet. The north pole is at the end nearest to an 

observer, who, looking along the 
axis of the solenoid, sees the 
sense of the current as anticlock¬ 
wise. To an observer looking at 
the south pole along the axis of 
Fig. 68.—Electromagnet the solcuoid, thc curxent appears to 

flow in the clockwise sense (fig. 68). 

After having withdrawn the iron core, we have considerably to 
increase the strength of the current in the solenoid in order to pro¬ 
duce the same external magnetic effects as before. 

Thus a solenoid with iron core behaves like@a solenoid without 
iron core but with a considerably greater number of ampere-turns. 

In the light of the considerations put forward on p. 172, there 
can be no doubt that this increase in the effective number of ampere- 
turns is due to the circulatory molecular currents. These are at first 
orientated at random, but are turned round by the field of the solenoid 
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so as to send tlieir lines of magnetic force in the same direction. 

This effect is quite similar to that which occurs when a dielectric 
is introduced between the plates of a condenser. As fig. 109 (p. 89) 
shows, the density of the lines of force between the plates is increased 
by the factor K at constant potential difference, K being the dielectric 
constant of the substance introduced. The present case is quite ana¬ 
logous: the introduction of the iron core into the-solenoid at constant 
current causes an mcrease in the density of the magnetic Imes of force 
in the surroimding space. The magnitude of this increase is different 
for cores made-of different substances. Just as in the electrical case 
this behaviour is described by means of the dielectric constant, so here 
we can describe the increase in the density of the magnetic lines of 
force by means of a number characteristic of the particular material 
used. This number is called the permeability of the material. It will 
be discussed more fully in § 2, p. 402 et seq. It may be remarked here, 
however, that there is an important difference between dielectric con¬ 
stant and magnetic permeability, in that the former hardly ever exceeds 
the value 10 whereas the latter may have a value running into thou¬ 
sands. Special mention must be made of iron and its alloys, which 
have very high permeabilities. Moreover, the dielectric constant is 
really a constant within wide limits, i.e. is independent of the magni¬ 
tude of the electrical field strength; but the magnetic permeability 
varies very much with the magnetic field strength in many cases. 

The forces exerted by a magnetic field upon a piece of iron are 
essentially analogous to those to which a substance of very high 
dielectric constant is subjected in an electric field (p. 94). Thus the 
iron is urged towards the region of higher field strength, &c. 

We will now consider a few of the important applications of electro¬ 
magnets. 

Electromagnetic Contact Breaker.—Electromagnets can be used 
with advantage for breaking and making electric current circuits 
provided that these operations do not have to be performed very 
rapidly (cf. p. 438). The principle consists in sending the current 
through the coils of an electromagnet and utilizing the consequent 
motion of an attracted piece of soft iron for the purpose of breaking 
the circuit. (Roget’s spiral works upon a similar principle, see p. 202). 

Electric Bell (fig. 69).—^The soft iron armature A is held by a suitable spring 
at a small distance from the poles of a horseshoe-shaped electromagnet M. ^ At 
the lower end of the armature (and usually carried upon a steel spring F) is a 
small platinum disc, against which presses a contact screw U with a platinum 
tip. The one end of the electromagnet winding is connected to the one terminal 

The automatic electromagnetic contact breaker was inyented by J, P. Wagner 
(1799-1879) in 1837 at Frankfort on the Main—hence the name Wagnefs hammer. 
The common trembling electric bell, in which the device is used, was invented by 
John Mirand in 1860. 
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Ki, tlie other end to the armature. The contact screw XJ is connected to the 
other terminal K 2 * 

When the two terminals are connected to the poles of a source of current, 
the core of the electromagnet becomes magnetized 
and attracts the armature, thus automatically 
breaking the contact between the platinum disc 
and the tip of the screw U. This stops the current, 
the armature is no longer attracted and springs 
back, the platinum disc makes contact again with 
the tip of the screw U, and the current begins once 
more. The same process is repeated continually, so 
long as the terminals are connected to the source of 
current. 

The contact spring F is important; if the con¬ 
tact were with a rigid^ part of the armature, the 
duration of the current would be too short for the 
magnetic force to overcome the inertia of the 



Fig. 69.—Electric bell 



overcome 

armature and the resistance of its spring sulS&ciently to impart a large enough 
amplitude to the vibrations. 

This type of make and break is also used in induction coils (p. 516). 

Electromagnetic Relays .—relay is a device for controlling a 
current of any strength, by means of a relatively weak current. The 
motion of the armature is used for the purpose of making or breaking 
the circuit of the stronger current (fig. 70). In this way a long telegraph 

line may be divided np into several 
shorter sections, requiring only rela¬ 
tively weak sources of current. A 
suitable relay is then included before 
the receiving apparatus. Electromag¬ 
netic relays are used very widely 
nowadays] in electrical engineering 
for distant switching and automatic 
control of currents. The difidculties 
arising when the current strengths and 
potential differences are high form 
interesting engineering problems. 

Telegraph*.—^Every telegraphic system consists of two parts, the 
transmitter and the receiver. These are situated at two different places 
and are connected together by a conductor (the line) in which is 
included a source of current. The transmitter generally consists of a 
key by means of which the current sent through the line to the receiv¬ 
ing station can be started, stopped, or reversed. The receiver consists 
of some device or other to indicate the current. In recording telegraph 
systems the signals are automatically written out upon a strip of 
paper. 


. Fig. 70.—Relay circuit 
B, Battery or other source of current; S, 
switch; Rl, relay; L, line; R, instrument 
to be operated by relay. Subscript i refers 
to primary circuit, subscript 2 to the relay- 
controlled circuit. 


* Gr., tele, distant; grdphein, to write. The first practical electromagnetic telegraph 
apparatus was set up in 1833 by Gattss and Wbber at Gottingen. 
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A form of recording telegraph, known as the Morse inker is widely used. It 
consists of an electromagnet (fig. 71) with an armature. The armature is carried 

upon an arm which can turn about 
a pivot and which is held back by 
a suitable spring. When the elec- 
trie current from the battery flows 
through the coil of the electro¬ 
magnet, the core becomes magne¬ 
tized and attracts the armature 
towards it. This causes a pen 
attached to the lever to press 
against a strip of paper which is 
being moved along by clockwork. 
If the transmitting key is depressed for a relatively long period, the pen writes 
a correspondingly long dash on the paper. If the key is only depressed for an 
instant, only a dot is recorded. The letters of the alphabet can be represented 
by' combinations of dots and dashes according to a prearranged code (Morse code). 

With the Morse inlier it is possible to telegraph about 100 letters per minute. 
As an example of a system allowing of greater speed, a short description may be 
give 2 i of the Siemens high-speed telegraph. Here the signals are not sent by 
hand, but by means of a perforated strip (see fig. 72, to the left). This strip 
passes over five contact levers. When a hole passes over a lever, the latter is 




displaced and makes contact with the positive pole of the local battery (see 
figure); in their normal positions, however, the levers are in contact with the 
negative pole. The perforations of the strip are made in a special kind of ‘‘ type- 
WTiter The signal for each letter consists of five short currents—of positive or 
negative sense—combined together in a certain w^ay. In fig. 72 the letter Z 
has just been sent; it consists of tw^o short currents in one sense and three in 
the other. These currents are sent in rapid succession through the line, the dis¬ 
tributor brush sweeping round over the distributor plate at the moment that 
the contact levers are just beneath the perforation. The currents are sent along 
the line through the transmitting relay, whose armature moves in the one direc- 

* Samuel Moese (1781-1872), an American, invented the recording telegraph in 
1837. 
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tion or in the other according to the sense of the current. The receiver is similarly 
arranged. Its distributor brush must rotate in exactly the same way as (i.e. 
must be synchronized with) that of the transmitter. This is ensured by special 
devices. In this way the current corresponding to each of the contact levers is 
distributed to the proper member of a set of five translating relays at the receiv¬ 
ing end of the line. These relays are connected through a special battery and a 
printing magnet to the translating disc, whose rotation is also synchronized. 
Upon the same shaft is the type wheel, which has the inked type letters upon its 
periphery. The whole is so arranged that the printing magnet presses the paper 
strip against the type wheel just at the moment when the letter corresponding 
to the position of the translating relays is opposite to it. In actual instruments 
a complete circular translating disc is used instead of the semicircular disc shown 
in the figure; this allows of the use of two sets of relays. 

In addition to the so-called type-printing telegraphic systems, w^hicli print 
telegrams directly in type, other systems are in use in wdiich the mirror deflections 
of sensitive galvanometers (p. 211) are registered photographically. By the latter 
method a still higher speed of transmission can be attained. With the most 
modern instruments it is possible to transmit np to 100,000 letters per hour. It 
may also be mentioned that as many as six telegrams can be sent simultaneously 
in the same or opposite directions through the same line without mutual inter¬ 
ference (muliplex telegraphy). 

Note .—On account of the relatively large currents which they require, electro¬ 
magnets cannot be used for transatlantic cables. The reason for this lies in the 
electrostatic capacity of the cable, which acts as a cylindrical condenser wliose 
inner plate is the metallic conductor, whose outer plate is the sea w^ater, and 
%vhose dielectric is the insulating cover of the cable. Since the cable must bo 
ver,v long, its capacity is very great. Consequently a considerable time is re¬ 
quired to charge up the condenser, i.e. to produce the potential difference neces¬ 
sary^ to actuate the instruments. Moreover, this potential difference rises gradually 
to its final value and dies away again gradually, so that the signals arc blurred. 
Bor these reasons the smallest possible currents and the most sensitive receivers 
(mostly galvanometers) are used. Concerning further problems of telegraphy 
see p. 580. 

Johnson-Rahheck Effect. —This effect, which was discovered in 1920, presents 
the possibility of using the force of attraction of a charged plate condenser in¬ 
stead of an electromagnet for mechanical action. 
A semi-conductor (ground agate or slate) holds 
a metal plate very tightly when the tw'o are 
placed together and connected to the poles of a 
battery of about 200 volts (fig. 73). When the 
E.M.P. is removed, the metal plate can be 
Fig. 73 .— Johnson-Rahbeck effect moved easily relative to the stone. The explana¬ 

tion is as follows. The metal plate and the stone 
are only in actual contact at a few points. At these points the potential 
difference is equalized by the flow’ of a very weak total current. Since now both 
the stone (because of its large extent) and also the metal have practically no 
resistance except at these points, whereas these points (being very small) have a 
very great resistance, therefore the W'hole potential drop occurs across a very 
smaD. distance (about 10~^ cm.). Consequently the forces of attraction betw'een 
the stone and the metal are very great (p. 70). The currents necessary to 
produce these forces are, how^ever, vanishingly small. 

Current-measuring Instruments.—The magnetic effect of a current 
can be used to measure its strength. The instruments used may be 
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divided into tliree main types: galvanometers, whose action depends 
upon the interaction of a magnet and a coil through which the current 
flows; soft iron ammeters, in which use is made of the attraction of 
a piece of soft iron into a coil or a region of higher magnetic field 
strength; and electrodynamometers, which are actuated by the mutual 
attraction of two coils carrying the current. 

Each of these types can be realized as pointer instrument, torsion 
instrument or mirror instrument. For most purposes use is made 
nowadays of pointer instruments, in which the current can be read 
of! directly upon a scale. 

In torsion instruments the measurement is obtained by means of 
the turning moment which must be applied to a torsion suspension 
in order to bring back the moving part to its normal position (see, 
for example, fig. 34, p. 176). 

Mirror instrimients have a small mirror rigidly connected to the 
moving part. Its deflection is measured by the deviation of a beam 
of light (Gauss-Poggendorff mirror observation, see Vol. IV). 

In all measuring instruments a good damjnng is important; the 
position of rest must be attained quickly and without oscillations of 
the moving part. This is usually attaineci either by means of Eoucault 
current damping (p. 380) or else by means of an aluminium vane 
which is damped by air resistance. 

Galvanometers. —The older instruments have a fixed coil and a 
moving magnet suspended within it so that when no current is flowing 
the magnet is parallel to the turns. When a 
current flows through the coil, the magnetic field 
tends to turn the magnet into a direction at right 
angles to its normal position (fig. 34, p. 176), the 
turning moment exerted upon the magnet being 
proportional to the flux density (p. 122) and 
therefore also to the current stren^h (p. 177). 

The restoring force may be that of the earth’s 
field (e.g. in the tangent galvanometer), in which 
case the plane of the turns of the coil must lie in 
the magnetic meridian; or auxiliary magnets or pig. 74.—Astatic system 
any kind of mechanical force may be used. '^ith coils 

A simple instrument of this type has already been mentioned (see fig. 15, 
p. 141). 

Astatic Systems. —In order to eliminate the influence of the earth’s magnetic 
field, two coils may he used and two systems of magnets. Rig. 74 shows an 
arrangement of this type. Within each of the two coils is situated a number of 
short, thin magnetic needles of steel, both sets of magnets being attached to the 
same rigid vertical axis. Half-way between the two sets of magnets is attached a 
small mirror. The axis is suspended from a thin thread of silk or metal. The 
two sets of magnets are parallel but the poles of the upper set point in the opposite 
direction from those of the lower set The current passes in opposite senses 




212 


CURRENT AND MAGNETIC FIELD 


through the two coils. If the magnetic moments of the two sets of magnets were 
exactly equal, then when no current was flowing there would be no moment 
whatever acting upon the system; for the earth’s field would exert equal and 
op|)osite moments on the t^vo sets. Thus the whole system would be in^ equili¬ 
brium in anv p'-siti'm. Such a system is said to be astatic.'** In reality one 
of the two (■:; Miagnets always has a slightly greater magnetic moment 
than the other, so that" the earth’s field exerts a very small directing couple 


in addition to that of the suspension. 

By means of two steel compensating magnets 
arranged above the apparatus so as to be adjustable 
both "in direction and in height (see fig. 76) the 
external field may he varied within wide limits, and 
the strength of the directing couple acting upon the 
magnet system adjusted at will. 



Fig. 75.—Nemst galvano¬ 
meter 

iVI = galv'anometer mag¬ 
nets; Ki and Ko = com¬ 
pensating magnets upon 
aluminium discs, in the 
plane of which they can be 
turned; Zj and == iron 
cylinders to improve the 
compensation; A, arresting 
knob; T, torsion head. 

[From Handbuck der 
Physik, Vol. 16, published 
by J. Springer, Berlin.] 



Fig. 76.—Galvanometer with spherical iron 
screening 

[From Jaeger, Elektrische Messtcchnik, 
published by J. A. Barth, Leipzig.] 


As mentioned above, the current is sent through the two coils in 
opposite senses. The deflecting moments of both coils are thus in the 
same sense. Since now the restoring moment of the external field 
niay be made as small as desired without altering the deflecting moment 
of the current in the coils, the instrument can obviously be made 
very sensitive and can be used to detect and measure very weak 
currents. Fig. 75 shows a very sensitive instrument in which the 

Lat., siare^ to stand; hence astatic = without definite equilibrium, i.e. in equi¬ 
librium in all positions. 
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compensating magnets move witL tLe astatic system. In tMs particular 
type the current flows round only one half of the astatic system. 

In order further to weaken the effect of the earth’s field and to 
protect the instrument from magnetic disturbances, the whole galvano¬ 
meter may he surrounded with an iron casing (screened galvanometer 
of Bois and Rubens, fig, 76). Sensitive galvanometers with moving 
systems of magnets are hardly ever used nowadays without such an 
iron screen. 

Moving-coil Galvanometers.—These are the most reliable and 
sensitive instruments. The magnet is fixed and the coil through which 
the current passes is movable. When a current is flowing through 
it, the coil tends to set itself with the plane 
of its turns at right angles to the magnetic 
field. The turning moment acting upon it is 
proportional to the current strength. In order 
to make this moment as great as possible, the 
coil must have a large number of turns and 
must be placed in a very strong field. In 
practice as close an approximation as possible 
to a magnetic circuit (§ 4, p. 421 et seq.) is 
employed, the space between the j^oles of a 
permanent magnet being made cylindrical and 
a cylindrical piece of iron being placed in this 
space so as nearly to fill it. 

This gives an arrangement like that shown in figs. 

77 and 78, which represent side elevation and plan 
Tc.=:pr-:tivc-]v. The pole pieces are marked N and S, 

M i-i i" ! I'O iron cylinder between them. The lines of force run practically nor¬ 
mally to the iron across the narrow separating spaces, i.e. as shown by tlie small 
dotted arrows in the figures. The coil is rectangular (see figures) and is siis})en(led 
so as to be able to turn in the space beWeen the magnetic poles and the iron 
cylinder. The longer sides of the rectnngmlar coil are in a i^ractically homogene(jus 
magnetic field ancl, as the current hows in opposite senses in the two cases, one 
side is urged in one direction and the other in the opposite direction. The direc¬ 
tion of the current being as indicated in fig. 77, the left-hand side of the coil 
would be subjected to a force tending to move it towards the observer, the right- 
hand side to a force tending to move it away from the observer. Thus the whole 
coil is subjected to a turning couple whose sense is anticlockwise as seen in the 
plan of fig. 78. 

Since the field is homogeneous, the moment of this couple is proportional to 
the current strength. If the'coil be suspended by a torsion wire or if its position 
of equilibrium when no current is flowing is determined loj two small spiral 
springs, the deflecting moment and hence also the current strength may be 
measured. In both cases the displacement is proportional to the couple within 
the elastic limits. Hence the current strength can be read off upon a circular 
scale, whose divisions are all exactly equal. The current may be made to enter 
and leave the coil by way of the two springs (one of which is showm in fig. 78 
and marked E). 




Figs. 77 and 7S.—Principle of 
moving-coil galvanometer 
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The internal arrangement of moving-coil instruments can be seen from figs. 
79 and 80. 

In addition to having scales with equal divisions, moving-coil galvanometers 
possess two further advantages over other types. Firstly they are almost entirely 
independent of external magnetic fields—in particular of the earth’s field; for 
the normal position of the coil is determined only by the elastic constraint of 
the suspension. For a given instrument the magnitude of the deflection depends 
only upon the strength of the current and the strength of the permanent magnet. 
Hence care must be taken to make this magnet as constant as possible. This is 
done by subjecting it to repeated mechanical shock and temperature change 
(ariificial aging process). 

The second advantage of moving-coil galvanometers is that they can easily 
be constructed so that the pointer takes up its final position almost immediately 
after the current has been switched on: 
the deflection is aperiodic. The reason for 
this cannot he giv’en until the induction 
of electric currents has been discussed 
(p. 380). 

Fig. 80 shows a mirror galvanometer of 
the moving-coil tjtpe. 




Fig. 79.—Moving-coil galvanometer 
A, Alagnet. B, Cr.-.—ol C, Aloving 

COil. U, CJoi'c. 

[Elliott Brothers (Lcadon), Ltd.] 


Fig. 80.—High sensitivity reflecting 
galvanometer 

[Cambridge Instrument Co., Lid.] 


Soft-iron Ammeters.—-The iron core is usually shaped so that the 
deflections are as nearly as possible proportional to the current strengths. 
But in spite of this the scale divisions are generally more crowded 
together at the beginning of the scale than in the range over which 
the instrument is actually to be used. Fig. 81 shows a practical form 
of moving iron (or soft-iron) ammeter. 

Dynamometers.—^\\Tien the planes of the turns of the two coils do 
not coincide, the current passing through the fixed coil (fig. 82) 
exerts a turning moment upon the movable coil, through which the 
current also passes. Since, as the current strength increases, the fields 
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of both coils increase correspondingly, the deflection produced is pro¬ 
portional to the square of the current strength. It is thus independent 



Fig. Si.—M oving iron ammeter 
[Evershed and Vignoles, Ltd., London.] 


of the sense of the current. This and their great reliability are the 
chief advantages of these instruments. 

The Kelvin ampere balance is a very accurate instrument, the 



Fig. Sa-.—Dynamometer ammeter 
[Evershed and Vignoles, Ltd., London] 


action of which depends on the forces between currents whose planes 
are parallel. See p. 490. 

Speciflcation of the Accuracy of Current-measuring Instruments.— 

Modern manufactured instruments are sometimes marked with their 





216 


CURRENT AND MAGNETIC FIELD 


type and accuracy. The symbols chosen to represent the different 
types are shown in fig. 83. 'Degrees of accuracy are specified by the 
Irtters E. F, G, and H, which indicate that the error in the reading 
is not greater than the following percentages of the maximum value 
of the range of measmement: E, +0-4%; E, +0-6% 



(for moving-coil instruments one half of these values); 
G, +l-5%; andH, +3%. 



Fig. S3.—Symbols 
representing current¬ 
measuring instru - 
ments: vi2., reading 
downwards, (r) mov¬ 
ing - coil instrument 
with permanent 
magnet, (2) soft-iron 
instrument, (3) elec¬ 
trodynamometer. 


Oscillograph.'*'—This instrument depends upon the motion 
of a conductor carrying a current in an electric field. A 
single loop D (fig. 84) of 
very thin silver wire is 
stretched between the 
poles of a powerful electro¬ 
magnet. A small mirror s 
(about 1 mm.“) is attached 
between the ’ivdres of the 
loop where the magnetic 
field strength is greatest. 

A current fiowing round 
the loop passes along the 

two wires in opposite pig. S4.—Principle of the loop 

senses. The two sides of oscillograph 



the loop therefore move in 

opposite senses in the magnetic field, ^\*hich thus exerts a couple upon the small 
mirror. A beam of light reflected from the mirror is deviated from its normal 
direction. Since the loop of wire and the mirror are of v^ery small mass, they 
can move with practically no delay in obedience to the variations of the current. 
When the beam of light reflected from the small mirror 5 is allowed to fall upon 
a rotating mirror and thence upon a screen, the variations of the current become 



apparent as a continuous curve. To obtain a photographic record, the point 
image of a source of light is projected upon a strip of sensitive paper which is 
moved along by some suitable mechanism. 

Fig. 85 shows a simple oscillograph. In fig. 86 we see the photographic 
record of the current variations from an alternating-current machine (p. 549). 
From the form of the curve certain conclusions may be drawn as to the nature 
of the current. The same figure also shows the record of the vibrations of a tuning 
fork of known frequency. By comparing the two curves the rate of alternation 

* After Bloxuel (1893) in France, and Dtjddell (1897) in England. 
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of the current can easily be determined. See also fig. 10, p. 575, and fig. 50, 

p. 600. 

The string galvanometer of W. Einthoven * works upon the same basic prin¬ 
ciple. The movable conductor consists of a silvered quartz fibre, stretched like 
a violin string between the poles of an electromagnet. When a current is passed 
through the string, it is deflected at right angles to the magnetic lines of force. 
The arrangement is thus the same in principle as that of the experiment shown 
in fig. 63, p. 205. The magnitude of the displacement of the middle of the string 
is observed directly through holes in the pole-pieces of the magnet with the help 
of a microscope with micrometer e^^epiece. The motion of the string can also^ be 
recorded photographically {string oscillograph of M. Edeoixnn; compare figs. 
41 and 42, pp. 497 and 498. 

In order that an oscillograph may give reliable results, the natural period of 
the mirror or string must be very small compared with that of the alternating 
current under investigation; otherwise the inertia of the instrument will pre¬ 
vent its following the current variations sufficiently rapidly. Experiment has 
shown that satisfactory results can be obtained provided that the natural period 
of the moving part is at least about 30 times smaller than that of the current 
variations. Secondly, the natural oscillations of the instrument must be damped 
so as to be completely aperiodic (see Vol. II, p. 192); otherwise the record of the 
variations of the current will have a record of the natural vibrations of the in¬ 
strument superimposed upon it. The damping must not be made too great, 
how^ever; for this wmuld prevent the instrument from following the current 
variations with sufficient rapidity. Hence the damping must be adjusted with 
great care. In the bifilar oscillograph of Blondel the correct degree of damping 
is attained by immersing the moving parts in a bath of oil of accurately adjusted 
viscosity. 

Ballistic i' Galvanometer. —A galvanometer only indicates a steady detiectifjii 
provided that the current flowing through it is of constant strength. hen a 
current of short duration (e.g. the discharge of a condenser) passes through the 
instrument, the movable part (needle or rotating coil) experiences only a sudden 
impulse. It is jerked out of its ec|uilibrium jDOsition to an extent that depends 
upon the strength of the current. It then swings back to its originffi position, 
but overshoots this on account of its inertia and only comes to rest finally after 
performing numerous oscillations about its position of equilibrium. hen the time 
T during wdiich the impulse acts upon an undamped system capable of ]:>crf( amuim 
oscillations is very small compared wdth a quarter of the period of tliese oscilla¬ 
tions, i.e. when the impulse act-s ahvays in the same sense and only during the 
time that the moving system is very little displaced from its mean position, then 
the magnitude of the first displacement is independent of the duration of the 
impulse and directly proportional to the quantity of electricity passing through the 
galvanometer. 

For if P is the force with which the system is displaced, the impulse theorem 
(Vol. I, p. 72) states that the velocity ^;Tmparted to the system is proportional 
to the impulse Pt. But the displacing force is proportional to the current strength 
I; therefore v is proportional to It. Now It is the quantity of electricity w hich 
passes through the galvanometer in the time t. Hence the velocity v with wiiieii 
the system leaves its mean position is proportional^ to the total cpiantity of ^1^- 
tricity which passes through the instrument, provided that the duration oi the 
impulse is so short that the system may be regarded as practically undisplaced 
the whole time it is acting. But according to the law’s of harmonic motion (V oi. I, 

* W. Einthoven, Professor of Physiology in Leyden, pubhshed details of the 
string galvanometer in 1903. 

t Gr., hdllein, to throw. 
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§ 32, p. 146) tlie amplitude is always proportional to the velocity of passage 
through the mean position. 

An instrument working upon this principle is called a ballistic galvanometer. 
Any galvanometer with a suflSeiently long period can be employed in this way. 

The proportionality of the amplitude of the first displacement to the quantity 

of electricity which has passed through 
a balhstic galvanometer can be demon¬ 
strated by the following experiment. 

A condenser G (fig. 87) may be con¬ 
nected through a double-pole, double¬ 
throw switch to a source S of potential 
difference on the one hand and a ballistic 
galvanometer G on the other. To begin 
with, the condenser is put into connexion 
with the source of potential difference 
(position of switch as shown in the figure). 
The charging pressure can be read off 
on a suitable meter. The switch is now 
moved over to its other position and the condenser is discharged through the 
gahunonieter. This is repeated for different pressures and it is observed that the 
amplitudes of the first displacements are proportional to the respective pressures, 
i.e. to the quantities of electricity discharged. By using a variable condenser and 
keeping the charging pressure constant, it can be shown that the amplitude of 
the first displacement is proportional to the capacity, i.e. once again to the quantity 
of electricity discharged. Thus a ballistic galvanometer may be used for measur¬ 
ing either quantities of electricity, capacities, or potential differences. 



Fig. S7.—Calibration of a ballistic 
galvanometer 
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Current and Potential Difference 

1. Ohm’s Law 

When two points A and B which are at different electric pjotentials 
(i.e. between which there are electric lines of force) are joined bv a 
conductor, the electric charges are enabled to follow the tension of 
the lines of force. As the opposite charges unite, the lines of force 
vanish; their density decreases and hence also the field strength and 
the potential difference. In order to mahitain the original difference 
of potential, new lines of force must continually be produced, i.e. new 
charges eq^uivalent to those which have united bv passage throush 
the conductor must continually be 
brought to the two points. Thus in 
accordance with our considerations on 
p. 148 (incompressibility condition) 
the current strength in the leads to 
the points A and B must be the same 
as that in the conductor joining them. 

The question now arises as to the 
nature of the possible dependence of 
this current strength (or the rate of 
combination of the opposite charges) 
upon the potential difference, and also 
upon the material, dimensions and 
shape of the conductor. We may investigate this question with the 
help of the arrangement shown in fig. 1. 

The two binding screws A and B are comiected with a source of 
electricity (e.g. with the poles of a battery of accumulators) and are 
thus kept at a certain difierence of potential, which may be measured 
by means of a suitable voltmeter V (see § 6, p. 33) connected as shown 
in the figure. We now connect the two points A and B with a wire. 
The strength of the current flowing through the wire we measure by 
means of a coulombmeter A (§ 3, p. 152), observing the quantity of 
electricity which passes in a known time. This we do for a number of 
different potential differences between A and B, obtained by varying 
the number of accumulators in the battery. In this way we find that 
the cunent strength I is proportional to the potential difference U. 
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Fig. I. —Determination of the resistance 
of a metallic conductor 
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This may be expressed by means of the equation I = GU. In 
order to get an idea of the sigiiificance of the factor G, we keep the 
potential difierence U constant and vary the material and dimen¬ 
sions of the conducting wire, e.g. substitute an iron wire for a copper 
one or use wires of different lengths and thicknesses. ^\e find that 
the above law holds for each of the wires, but that the propor¬ 
tionality factor G has a different value in each case. Thus G is 
a quantity characteristic of the particular conductor under con¬ 
sideration, ill the sense that the greater G is, the greater also the 
quantity of electricity passing through the wire per second for a 
given potential difference. We see that G measures the capacity 
of the conductor to allow the electric charges to pass through it. 
For this reason it is known as the electrical conductivity of the con¬ 
ductor. 

The above equation may also be written in the form 

in which it expresses the fact that the potential difference between 
the ends of a conductor is proportional to the strength I of the current 
flowing through it. The constant ratio U/I=Il=l/Gis called the 
electrical resistance of the conductor; for the greater R is, the greater 
also must be the potential difference U in order to drive the same 
quantity of electricity per luiit time through the conductor. We may 
exjiress this relationship as follows: 

For metallic and also for electrolytic conductors the product of the 
current strength and the resistance is equal to the potential difference 
producing the current. This is called Ohm’slaw. 

Xofe. —Ohm’s law is not the only relationship which may hold between cur¬ 
rent strength and potential difference in the process of electrical conduction. 
Other cases may arise, for example the current (then called the saturation current) 
ma;\' be independent of the potential difference, or the potential difference may 
fall off as the current strength increases. These cases will be treated later; the 
limits of validity of Ohm’s law for metallic and t‘i« v-li-ol ^-rii" conductors will also 
be considered. It should be noted that according to Ohm’s law the resistance of 
a conductor is independent of the potential difference and therefore, since field 
strength and potential difference are proportional, also independent of the field 
strength. Thus Ohm’s law can be expressed in the following form: 

The resistance of a metallic or electrolytic conductor is imUpendent of the field 
strength. 

Unit of Resistance.—^As is seen from the equation given above, the 
unit of electrical resistance R is fixed by the already defined units 

CtEOEC^ Semox Omi, born in 1787 at Erlangen, was teacher at the Military Colleo’e 
at Berlin from 1826 to 1833; he then became Director of the Polytechnic School at 
Xuremberg; in 1849 he was appointed Extraordinary Professor and in 1852 Ordinary 
Professor at Munich University. He died at Munich in 1854. The law named after 
him appeared in a treatise JJie galvanische Kette, matJiematisch bearbeitet, which he 
published in 1827. 
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of potential difference and current strengtli. Measuring U in volts and 
I in amperes, the unit of resistance is the ohm. It is denoted by the 
symbol o). The unit 1,000,000 ohms is called 1 megohm and is denoted 
by O, 

The resistance of a conductor is 1 ohm when a potential difference of 
1 volt applied at its ends causes a current of 1 ampere to flow through it. 

The unit of resistance thus defined is known as the absolute ohm. 
Ohm’s law holds perfectly for metals within the range of conditions 
corresponding to ordinary practice.Since further the resistance of 
a conductor remains very constant so long as the physical conditions 
are not changed, and since the construction of a metal conductor of 
any desired form presents no serious difficulties, it follows that stan¬ 
dard resistances can be made with relative ease and exactitude. What 
is also very important, standard resistances can be copied accurately 
and easily. Attempts have therefore been made to determine the 
value of the ohm with very great precision. It has been defined inter¬ 
nationally (1893) as follows: 

The legal (international) ohm is the resistance at 0^ C, of a column 
of mercury 1 mm.^ in cross-section and 106-3 cm. in length.f 

The chief reasons for choosing mercury as standard metal are as follows. 
It can easily be brought into a chemically pure state (e.g. by distillation); it is 
lic|uid and therefore free from mechanical strains; and its temperature can be 
kept constant more easily than is the case with other metals. 

Since the value of the international ohm as defined appears to be too great 
by about 1 part in 2000, a factor/must he introduced into the equation of Ohm's 
law when the resistance is expressed in international ohms instead of absolute 
ohms, viz. 

U=/RI. 

The value of / differs very little from unity, however, and hence it need only be 
taken into account in very precise work. 


2. Dependence of the Resistance of a Conductor upon its 
Material and Dimensions 

Making use of the arrangement shown in fig. I, p. 219, we in¬ 
vestigate the current strength produced in various wires by the same 
potential difference. In this way we arrive at the following general 
relationships: 

1. For wires of the same material and the same cross-sectional area 
A, the resistance is proportional to the length 1. 

* Indications of deviations from Ohm’s law have been observed by Bum gmax in 
the case of very thin metal films at current densities of about 10 million amperes per 
cm.^. 

'f According to measurements made by the German Physihaliscli-technisclie Meichs- 
anstalt the international ohm defined in this way is not equal, within the limits of 
error of the measurements, to the absolute ” ohm defined previously, but is about 
1 part in 2000 too large (p. 196). 
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2. For wires of the same material and the same length 1, the resistance 
is inversely proportional to the cross-sectional area A. 

3. Wires of the same length 1 ayid the same cross-sectional area A 
hut made of different materials have different resistances, but the ratio of 
the resistances of two tvires of the same dimensions is independent of the 
magnitude of these dimensions. 

These results may be combined in the equation: 

p//A. 

Here p is a factor of proportionality, whose value depends upon 
the substance of which the conductor is made and also upon the choice 

of the unit of resistance. 

This factor p is called the specific 
resistance. It is numerically equal to 
the resistance of a cubical block of 
the substance with 1 cm. edge. Its 
dimensions are [ohm.cm.]. 

Multiplying p by 10^ we obtain the 
value of the resistance of a wire I m. 
long and with 1 mm^. cross-sectional 
area. The values of p. 10^ for a number 
of substances are given in Table V. 

The reciprocal value l/p=K is 
called the specific electrical conductivity. 

Fig. 2.-~Resistance of an electrolyte Its dimensioiis are [ohm“^ . cm.~^]. Tile 

value of K is numerically equal to the 
length of a conductor measured in centimetres which has a resistance 
of 1 ohm when its cross-sectional area is 1 cm.^. 

Multiplying this number by 10“^ (see Table V) we obtain the length 
in metres of a wire of I mm.^ cross-sectional area which has a resistance 
of 1 ohm. 

The relationships discussed here are not restricted to metallic con¬ 
ductors, but hold also for electrolytes. This can be shown easily wdth 
the help of the arrangement shown in fig. 2. 

The circflit is essentially the same as that of fig. 1, p. 219, but the metal 
wire IS replaced by a rectangular trough filled with copper sulphate solution, 
into which dip two copper electrodes. These are just large enough to form 
complete partitions across the trough and may be coated with paraffin wax 
upon their backs. The length I of electrolyte between the electrodes can be 
varied by slidmg the electrodes along, and the cross-sectional area A may 
be varied by hlling up the Hquid to different depths. The current strength 
and potential difference are measured as in fig. 1, p. 219. In order to avoid 
variations in the composition of the electrolyte, only weak currents must be 
used and care must be taken to keep the solution stirred. In this connexion 
see p. 2S5. 
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Table V. Specific Resistances and CoNDucTmTiES of 
SOME Solids at 18 ° C. 

p . lo'* gives the resistance in ohms for a length of i m. and a cross-sectional area of r mm.". 
The last colurnn (k . io“’) giv'es the length in metres for a resistance of i ohm when the cross-sectional 
area is i mm.“. Urider ^ (temperature coefficient) is the fractional alteration of the resistance for a rise 
of temperature of i° C. between o° C. and 30° C. A -f- sign indicates an increase, a — sign a decrease 
of resistance with rise of temperature. 


iSubstance 

p.lO^ 


10 *^ 

Aluminium .. 

0-032 

+0-0036 

31 

Antimony 

0-45 

-f 0-0041 

2-2 

Lead .. 

0-21 

-f 0-0042 

4‘S 

Iron .. 

0-09--0-15 

+0-0045 to +0-006 

approx. 10 

Gold. 

0-023 

+0-0040 

43 

Copper 

0-017 

+0-0040 

57 

Nickel . 

0-08-0'll 

-j-0*0037 to -j-0*006 

approx. 10 

Osmium 

0-10 

+ 0-004 

10 

Platinum (pure) 

0-108 

+0-0039 

9-3 

Platinum (commercial) 

0-14 

+0-002 to +0-003 

approx. 7 | 

Mercury 

0-958 

+0-00092 

1-0 

Silver .. 

0-016 

+0-0040 

62 

Steel .. . 

0-15-0-50 

+0-0052 to +0-000 

6-5-2 

Tantalum 

0-15 

+0-0033 

6*5 

Bismuth 

1-2 

+0-0042 

0-S 

Zinc .. 

0-061 

+0-O037 

16 

Carbon 

50-100 

-0-0002 to -0-0008 

approx. 0-02 

Graphite (from Siberia) 

11 


1 

1 

ALLOYS 

Brass .. 

0-07-0-09 

+0-0015 

approx. 12 

German silver (60% Cu, 21% 
Ni, 19% Zn) 

0-15-0-40 

+0-00022 to +0-0007 

6*5-2-5 

Niokelin (58% Cu, 41% Ni, 
I%Mn). 

0-42 

+0-00023 

2-4 

Constantan (35-55% Ni, 65- 
45% Cu, 0-20% Zn) 

0-49-0-52 

0 

approx. 2 

Manganin (70% Cu, 30% Mn) 

0-42 

0 to +0-00003 

2-4 
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Practical Forms of Resistances.* —For practical measuring purposes use is 
made of standard resistances, whose external appearance and internal arrange¬ 
ment are shown in figs. 3 and 4 respectively. They consist of a ware made of 
a suitable alloy (e.g. manganin, constantan, nickehn, Table Y, p. 223, and § 8, 
p. 243), mounted in a casing and kept at a definite temperature by means of an oil 
bath. The leads are two hook-shaped copper rods, whose resistance is negligibly 
small; they are hung in mercury cups during comparison measurements, thus 
establishing good metallic contact. 

Use is also made of resistance boxes or plug-in rheostats (fig. 5), which 
consist of a set of wires of suitable resistances. The internal arrangement is 
shown in fig. 5 and also in fig. 30, p. 399. The two ends of each of the wires are 
connected to two thick blocks of metal of practically zero resistp^nce attached 
to tiie insulating top plate of the box. The pairs of blocks can be put into con¬ 
ducting connexion by means of 'well-ground metal plugs. When the plugs are 
correctly inserted (they should he lightly pressed and slightly turned), the current 
entering and leaving by the respective binding screws of the resistance box flows 
directly through the plugs, which offer practically no resistance. But when a 



nyv 




Fig. 3-—Standard resistance (the 
ti-pe adopted by the German Reichs- 
anstalt). 


Fig. 4. — Internal con¬ 
struction of a standard 
resistance (diagrammatic). 



Fig. s- — Diagram of a 
plug-in rheostat or resis¬ 
tance box. 


plug is removed, the current has to flow through the wire beneath it. By taking 
out one or more plugs any desired resistance may be inserted into the circuit. 

Fig. 6 shows a sliding resistance and fig. 7 a rotary resistance. Both these 
types are especially employed for reducing current strength by the insertion of 
increased resistance or for regulating current strength to some desired value. 

■ In the sliding resistance a nickelin wire (p. 244) is wound upon a cylindrical 
piece of slate or an enamelled iron tube so that the turns are close together but 
not in contact. The one end of the wire is attached to one binding screw of the 
instrument; the other is fixed to the slate cylinder. The other binding screw is 
connected to the metal rod mounted above the coil. This rod serves as a guide 
for the metal slider, which makes contact with the turns of wire. When the slider 
is at the extreme right-hand end (see figure), the wFole of the resistance is in¬ 
cluded bet^ween the t'wo binding screws; when the slider is at the extreme left- 
hand end (as in the figure), the current entering at one binding screws passes 
straight through the slider and the thick metal guide to the other. 

* The word “ resistance ■’ is unfortunately used with two different meanings. On 
the one hand it may stand for a certain property of the conductor with regard to elec¬ 
trical influences; on the other hand it may stand for the conductor itself, in so far as 
it is used to modify the current strength or potential difference by virtue of this pro¬ 
perty. The alternative word “rheostat” (Gr., rJieo, I flow; rheostat = current regu¬ 
lator, i.e. a device for adjusting the strength of a current) may also he used in the latter 
sense, when the resistance in question is a variable one. 
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In the rotary rheostat any desired nnmber of wire spirals may be inserted 
into tbe circuit by turning a switch-arm over a ring of contact studs. The upper 
ends of the. spirals, which are carried upon a suitable frame, are connected to- 



Fig- 6-—^Sliding resistance 
[The Zenith Electric Co. Ltd., London] 


gether in pairs as shown in fig. 7; the lower ends are connected by thick copper 
wires with the contact studs of the switch. 



Fig. 7.—^Rotary resistance 


In this book the symbols given in fig. 8 will 
be used in diagrams of electric circuits. 

Very high resistances are 

made of graphite, silicon ch) _.yy^,_ 

carbide (carborundum), or 
compositions containing gra¬ 
phite or silicon. Very thin j^j 
layers of metal, generally 
deposited upon mica and then 
sealed in glass tubes, are also 
employed. ^ 

A line draim with a lead penod (JfgenSS- 

upon a ground-glass plate has a (z,) continuously vari- 
resistance of about a megohm, and able; (c) variable in 
is often useful. Contacts are made steps. 


Fig. 8.—Diagram 
S3nnbols for resis¬ 
tances: id) general; 
(b) continuously vari¬ 
able; (c) variable in 
steps. 


to the ends of the line by means of 

pieces of tinfoil held in place with clips or binding screws. For many purposes 
a resistance of the order of 100 megohms is required. A toluene solution of 
cadmium iodide in a U-tuhe furnishes a resistance of about this magnitude. 
Two wires, dipping into the respective limbs of the tube, are used as electrodes. 
The resistance may he varied by sliding the wires in or out so as to alter the 
distance between them. 


(E617) 
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3. Combinatiotts of Conductors. Kirchhoff’s Laws 

We Eave akeadj (p. 222) proved experimentally tke formula R = 
pi/A. The proportionality of resistance to length can be expressed 
clearly by saying that, when two similar conductors are connected in 
series, the total resistance is double that of either of them. Thus 
resistances add together when connected in series. When two similar 
conductors are connected together in parallel, we may regard this as 
equivalent to doubling the cross-sectional area of either of them. The 
formula then shows that the reciprocals of the resistances add together; 
for R^ = E 2 = pi/A, and R = p?/2A, whence: 

E El ^ Eg 

Employing the circuits shown 
in figs. 9 and 10 (resistances in 
series and in parallel respectively), 
the resultant resistance of a com¬ 
bination of known resistances can 
easily be found by measuring 
current and pressure. In this way 
the following general relationships 
can be shown to hold (see p. 228): 

1. When several conductors are connected in series, the total resistance 
is eq^ual to the sum of the individual resistances, i.e. 

R =«S R^. 

1 

2. When several conductors are connected in 'parallel, the reciprocal 
value of the total resistance is equal to the sum of the reciprocal values of 
the individual resistances, i.e. 



Since 1 /R is equal to G the conductivity, the second of the above 
cases can also be formulated as follows: 

When several conductors are connected in parallel, the total conductivity 
is the sum of the individual conductivities. 

The general case of any number of conductors connected together 
in any manner can be treated in the light of two fundamental rules 
first put forward in 1847 by KincHHor’F 

* Kjbchhoff (1824-87), vas Professor of Physics at Heidelberg from 1854; from 
1875 onwards at ij^rlin. The rules are not only valid for the electrical case, but hold 
also for the conditions of flow and pressure of an incompressible liquid in a branching 
system of pipes. 


.f 



-h 


r 


jinjifumr-/" 

_0 - 

Figs. 9 and lo.—^Resistance of systems 
of conductors connected in series and in 
parallel. 
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1. The cuTTents flowing to any point of a conductoT being taken as 
positive and those flowing away from the point as negative, the sum of the 
current strengths is everywhere equal to zero, i.e 

SI = 0. 

This equation expresses the condition for a steady current (p. 611) 
at the point under consideration. As an example we may take the 
point in fig. 11 at which five wires join. If the two currents of strengths 



Fig. I r.—Branching-point of several Fig. 12.—Loop of conductors without 

conductors E.M.F. 

1-^ and I 2 flow towards this point, and the currents of strengths I 3 , I 5 
away from the point, then the equation states that 

Ii + + I4 + Is- 

2. In a closed electric circuit the sum of the electromotive forces E is 
equal to the sum of the 'products of the respective current strengths I and 
resistances 'Rfor the individual parts of the circuit, i.e. 

SE= S(IR). 

The currents flowing in the clockwise sense are to be taken as positive, 
those in the anticlockwise sense as negative. Also the electromotive 
forces (p. 137) are to be reckoned as positive when they tend to cause 
the current to flow in the clockwise sense, and negative when they 
tend to cause it to flow in the opposite sense. 

Let fig. 12 represent a portion of an arbitrarily branching electric 
circuit. The currents may be taken as flowing in any way to and from 
the branching points A, B, C, D, and E. Let ABCDEA be a closed 
conducting loop in the network of conductors. The arrows indicate 
the senses of the currents. We will assume that there is no source of 
electromotive force in the loop considered. Then we have; 

141^4 

The significance of this equation can be seen as follows. The quantities 
I 2 R 2 > potential differences between the ends of the 

conductors AB, BC, &c. (see p. 220 ). Now by assumption there is 
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no electromotive force in tEe loop jiBCDEA. Hence the sum of tEe 
partial potential differences IiEi, I 2 R 2 ? <^^*5 must vanisE, provided 
tEat tEere is no damming up of electricity at any point (incompressi¬ 
bility condition^ see p. 148). 

Now consider tEe case (fig. 13) in wEicE sources of electromotive 
force Eave been inserted in tEe conductors BO, CD, and DE of tEe 
same system. TEe sense of tEe electromotive forces is represented by 
tEe dotted arrows. TEen we Eave tEe equation 

Ij^R^ + ^2^2 4 " I3E3 —^4^4 — I5E5 ~ 4 " — ® 4 - 

TEe left-Eand side of this equation is tEe sum of tEe potential differences 
for tEe conductors making up the closed loop; the rigEt-Eand side is 
the sum of the electromotive forces. The equation therefore expresses 



Fig. 13.—^Loop of conductors with 
E.M.F. 


Fig. 14.—Resistanci 
in series 


Fig. 15.—^Resistances 
in parallel 


the obvious fact that, passing right round the loop and returning to the 
initial point, the total difference of potential is zero. 

Applications .—Several Conductors connected in Series. Let the electromotive 
force (or E.M.F.) E (fig. 14) be connected in series with the three resistances 
Rj, Ro, and Rg. Let the resistance of the ceil producing the E.M.E. be R 4 (see 
p. 236). According to Xirchhoff’s first law the current strength I must be the 
same throughout the whole circuit. By the second law we have 

E -IR4-{-IR, + IR2 + IE3l 

I(R4 -f- Rj^ -f- R2 4 ” R3). 

The resistance of the whole circuit being R, we have also E = IR. From the two 
equations it follows then that 

R = R4 4“ Rj_ 4 “ R2 4 ~ Ra* 

Thus we obtain the result already given above, namely: 

The total resistance of a number of cordvctors conneoteA in series is equal to the 

sum of their individual resistances. 

Several Gc^vctors connected in PardU.—Tke circuit in tHs case consists (fig. 
lo) of tie cell mth E.M.F. equal to E connected by leads to two points A and 
B, betwwn whiob three resistances Ri, R,, and R 3 are connected in paraUel. Let 
the resistance of the cell together with its leads to A and B he R'. Let the total 
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resistance of the three resistances connected in parallel he B. Then according to 
Kirchhofi’s first law, 

I “ L + L + 

where I is the total current strength through the cell and leads and Ii, Ig, I 3 are 
the partial current strengths through the resistances Bi, Bg, and Bg respectively. 
Applying Kirchhofi’s second law to the circuits formed by the cell, leads and the 
three resistances in order we obtain respectively: 

E = IB' + IiBi = IB' + IgBg = IB' + I3B3, 

Now consider the three resistances to be replaced by one equivalent resistance 
B and apply Kirchhoff’s second law again. In this case we have 

E = I(R' + B). 

From these equations it follows that 

Ii-IB/Bi, Ig-IB/Bo, and I3 = IB/R3. 



Fig. 16.—Addition of reciprocal Fig. 37.—Current strengths Fig. iS.—^Adjustment of 

resistances in two conductors connected resistance by means of a 

in parallel. shunt. 


Substituting these values in the equation of the first law we have 
I = IB/B^ -f- IB/Bg 4“ IFi/Bg, 


whence 


1 

B 


Eg Eg 


This is the result already given above, namely: 

The reciprocal value of the total resistance of a numher of conductors connected 
m parallel is equal to the sum of the reciprocal values of their individual resistances. 

In the particular case of n equal resistances each of B' connected in parallel, 
the total resistance B is given by 


1 ^ 

B 


n 

B' 


or B = —. 
% 


We can obtain a mental picture of the meaning of this equation by imagmmg 
the n similar resistances to consist of n wires (see fig. 16). The combination can 
then obviously he replaced by a single wire of the same length hut with n times 
the cross-sectional area. In this way the equation is referred back to the result 
already given on p. 222 . 

The partial currents in two conductors connected in parallel {fig, 17) are in 
~ ' j respective resistances, i.e. 

Ii: I2 = Eg J 


This can easily he proved by applying Kirchhofi’s second law to the closed loop 
consisting of the conductors 1 and 2 (fig. 18). CJonversely the experimental 
verification, of the validity of this relationship can be taken as a proof of the 
law. 
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Note ,—By connecting a large resistance (a so-caHed shunt) in parallel with 
a smaller resistance, the total resistance can he decreased by a small amount. 
Use is made of this when it is desired to adjust the resistance to a certain value, 
as in the construction of resistance boxes (fig. 5, p. 224). Tor example, in 
making a resistance accurately equal to 1 ohm a thick wire of rather more than 
1 ohm resistance is soldered to two massive metal blocks A and B (fig. 18) which 
serve as leads. The two blocks are then joined by another long thin wire, the 
shunt, which is so chosen that the total resistance is still slightly greater than 
1 ohm. The length of the shunt is then diminished until the desired resistance 
is attained. 

4. Fall of Potential along a System of Conductors 

The potential difference U between the end points of a system of 
conductors containing no sonrces of E.M.F. is given by Ohm’s law. 
We will now consider the question of the magnitude of the potential 
difference between any two arbitrary points of the system. 

If the current is constant, the answer to this question is obviously 
obtainable by applying Ohm’s law. The potential difference between 
the points under consideration is eqnal to the product IR, where B 
is the corresponding resistance and I the current strength. On account 
of their importance we will consider more closely the problems arising 
in this connexion. 

Potential Distribution along a Homogeneous Conductor of Constant 
Cross-section.—In accordance with Ohm’s law, it is to be expected 
that the potential (measured relative to one end of the conductor) 
will increase linearly with the distance from this end; for the resistance 
(and therefore also the potential difference, since I is constant by the 
incompressibility condition) is in this case proportional to the length. 

Experiment —^To investigate this problem experimentally we may use the 
aiTangement shown in fig. 1, p. 219; but instead of connecting the voltmeter 
with the ends of the tightly stretched wire AB, we connect it to two points C 
and D (see fig. 19). The wire may be stretched over a scale. Then by measuring 
the distance between the points C and D and the corresponding pressure, we 
obtain the following result: 

The potential difference between two p)(irts of a miiform conductor is directly pro¬ 
portional to the distance between them. 

A pictorial idea of the potential fall along the conductor may be obtained by 
plotting the distances I from one end of the conductor as abscissse and the corre¬ 
sponding potentials, relative to this end, as ordinates. The curve so obtained 
represents the nature of the potential fall along the conductor. In the case of a 
uniform conductor (fig. 20) a straight line is obtained. If the point A of the 
conductor be earthed, i.e. brought to zero potential, the ordinates give the actual 
potentials of the corresponding points. 

The more complicated case of the potential fall throughout a number of 
different conductors connected in series will be treated in § 6, p. 236. 

Potential Distributioii in Brandling Systems of Conductors.—In 
tliis case the conditions are more complicated, since the current strengths 
m the different portions of the system are different. The problem is of 
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especial practical importance in dealing witli the loading of an ex¬ 
tensive network of electric mains. 

The electrical devices used by the consumers of current (e.g. motors, 
incandescent lamps, cooking apparatus, &c.) are constructed so as to 
operate most eflS.ciently at a certain applied pressure.^ Hence it is 
necessary to furnish a constant pressure at the points of the mains where 
these devices are to be inserted; this pressure must be independent of 
the loading of the rest of the mains network. The sources of electricity 
are such that they maintain an (approximately) constant pressure at 
the starting-points of the mains system. Hence when a current-con¬ 
suming apparatus is switched on at some point, the resistance of the 
whole network is reduced (all the consuming devices being connected 
in parallel with the mains), and the current strength is increased. In 




Fig. 19.—^Potential difference between any Fig. ao.—Fall of potential along a homo- 

two points of a conductor geneous conductor. (Lengths, horizontal; 

potentials relative to A, vertical.) 


order, therefore, to keep up the initial pressure, the sources of elec¬ 
tricity must furnish more current. They are generally so constructed 
that they can cope with any actually occurring current load. Cases 
do arise, however, in which they are unable to supply sufdcient elec¬ 
tricity per unit of time. The combination of the opposite charges then 
occurs more rapidly than their production, more lines of force dis¬ 
appear than are produced, and the field strength and the pressure both 
drop. If the resistance of the mains network remains constant, i.e. 
if the consuming devices remain switched on, the current strength 
drops off in accordance with Ohm’s law until it becomes equal to that 
supplied from the sources. These relationships will be considered in 
greater detail in § 6, p. 236. 

Quite similar conditions involving the insufidciency of the supply 
of electric charges in comparison with their reunion also occur when 
the current has to pass through leads of considerable resistance before 
it arrives at the actual consumer. The case is analogous to that of a 
system of water mains in which the source does not supply the water 

*Tlie terms pressure, tension, potential difference (P.D.), dectromotive force (E.M.F.), 
as used by electrical engineers, are practically synonymons. When tbe pressure is 
measured in volts, tbe word voltage is frequently used. 
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rapidly enough or in wMch the passage of the water is restricted by 
the pipes being too narrow or too long. 


5t . o ^ 


ExjperimenU —^The facts can be investigated experimentally with the arrange¬ 
ment shown in fig. 21 . The two binding screws 1 and 1 '' are connected by leads 
of negligibly small resistance to the poles of a large battery of accumulators. To 
each of the binding screws is also connected a thin wire (e.g. florists’ wire) made of 
iron, which thus has a considerable resistance. These two wires (1234 and 1'2'3'4' 
in the figure) are arranged parallel to one another, and are connected to one 
another at various points through current-consuming devices (in the figure three 
incandescent lamps Lg, L 3 , which bum brightly at normal pressure, and an 
^ arc lamp A. The leads to these current consumers are of thick 

copper and have practically no resistance. 

The experiment is carried out as follows. We first switch 
on the incandescent lamp Lg. It bums fairly brightly. We 
now switch on L 3 and notice that Lg no longer bums so 
brightly as before. We now light the arc lamp A. At the 
moment of starting of the arc Lg hardly glows. When Lg and 
the arc lamp A are switched ofl, however, Lg burns once more 
with its original intensity. When Lg and Lg are identical 
lamps and are switched on together, Lg is brighter than Lg. 
The lamp Lj, on the other hand, which is connected directly 
through thick copper leads to the battery, burns with normal 
brightness under all circumstances, provided that the battery 
itself can provide a great enough current. 

These phenomena can be understood at once in 
the light of Ohm’s law. In the first place, it follows 
at once from Elirchhoff’s first rule (p. 227), applied 
to the junctions 1 and 1', that the current in the 
section 21 is equal to that in 1'2', say Ig. Let the 
potentials at 1, 2, 2', V be and let 

7 *2, be the resistances of 21, 1'2'. Then, by 
Ohm’s law. 



Fig. 21.—^Potential 
fall xinder heavy load 
and with inadequate 
supply. 


and 




u. 


Ml = j-al 




2 -^2> 


Tierefore, by addition, 

« — Ml) - (Ma' — «2) = (^2 + ^aOIa- 

If then we write Mi' — Mi = Ui, Mg' — u^ — Ug, + r^' = Eg, and 
similarly for the other sections, so that Ui is the E-M-F. of the battery 
(considered constant), we have: 

EJa = Ui - U^; E3I3 = U3 - U3; EJ4 = U3 - U4. 

U3 = Ui - E3I3; U3 = Ui - E3I3 - E3I3; 
TJ4=Ui-E3l3-E3l3-E4l4. 


Hence 
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Thus the effective potential difference Tbecomes smaller as we get 
farther along the leads from the battery. Its value also decreases as 
the strength of the current flowing in the circuit is increased. 

The loss of potential difference in any section of a circuit is equal to 
the product of the resistance of the section and the strength of the current 
flowing through it. 

Potentiometers. —^The fall of potential along an electric circuit is very often 
used for the purpose of tapping oj^ any desired smaller potential difference from 
a larger one. The arrangement used is shown in fig. 22. Let R be the resistance 
of the uniform conductor joining A and B and R/tz, that of the portion between 
C and B. Then the potential difference between C and B is also Ijn of that be¬ 
tween A and B. This potential difference between C and B may be employed as 
E.M.F. for some arrangement D, provided that the resistance of D is very great 
compared with that of CB. Thus, for example, suppose that it is desired to obtain 
a potential difference of 0*001 volt with the aid of an accumulator whose E.M.P. 
is 2 volts. In this case the resistance of AB might be chosen to be 2000 ohms 


D 

c\ 


Fig. Z2. —Potentiometer circuit 



Fig. 23.—Compensation method for 
measuring E.M.F. 


and a tappmg taken off at a point 0 such that the resistance of CB is 1 ohm. 
If the resistance of the arrangement D, fox which the small voltage is desired, is 
small, i.e. of the order of magnitude of 1 ohm, then in order to fulfil the necessary 
conditions the resistance of CB must be made correspondingly smaller (say 
0*01 ohm) and the resistance of AB reduced in the same proportion (i.e. to 20 
ohms). In using a potentiometer care must be taken that the battery is short- 
circuited through the main resistance AB and that the current through it is 
great in comparison with that re( 3 [uired through the apparatus D. 

Measurement of Electromotive Forces by Compensation. — The 

possibility of tapping off any desired potential difference from the 
potential fall along a conductor carrying a current is made use of in 
Poggendorff’s compensatiou metbod for tbe measurement of E.M.F. 
Tbe method is as follows (see fig. 23). 

M 1 M 2 is a uniform metal wire, through which passes a steady 
current from the battery B. One pole of tbe electromotive force E 
to be measured is connected to the end of the wire; the other pole 
in connected through the current indicator A to a sliding contact 0. 
The indicator A shows no current when there is no potential difference 
between its terminals P and Q. In order to attain this, the sliding 
contact C must be moved along the wire until the potential difference 
between and C (i.e. between and P) is just equal to the E.M.F. 
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to be measiaxed between and Q. It is obvious that tbe senses 
of botb potential differences must be the same as seen from 
that is to say, must be connected to similar poles of E and B. 
The potential difference between and C may be read off directly 
upon a scale placed beneath the wire M^Mg; for the potential fall 
is linear, i.e. if MiC:MiM 2 = a:Z, we have E:Eb= or E = 
where E^ is the E.M.F. of the battery B. 

Wbeu actually carrying out measurements of this type, it is usual to employ 
accumulators, whose E.M.F. is practically constant and equal to 2 volts. If the 
plates of the accumulators are sufficiently large and if the measuring wire is suffi¬ 
ciently thin, the decrease in the E.M.F. of the battery caused by the current 
can be neglected. In this case each centimetre of a measuring wire 1 metre long 
corresponds to a drop of potential of 0-02 volt. 


5. Application of Ohm’s Low for the Measurement of 
Potential Difference and Current Strength 

Ohm’s law enables us to use a current-measuring instrument to 
measure potential difference and vice versa. 

Use of a Current-measuring Instrument to measure Potential Dif¬ 
ference. —The principle is as follows. We measure the strength of the 

current flowing through a conductor; 
then, knowing its resistance, we calculate 
the potential difference between its ends 
by means of Ohm’s law. Suppose we 
desire to measure the potential difference 
between the two points A and B of an 
electric circuit (see fig. 24), We connect 
the points by a wire of known resistance, 
inserting also a current measurer. In 
many cases the resistance of the in¬ 
strument itself will suffice. The total 
resistance is so chosen that the pointer 
indicates directly upon a scale the pressure applied to the meter (in¬ 
cluding the resistance, if any). 



Fig. 24.—Arrangement of a current¬ 
measuring instrument to measure the 
potential difference betw^een the points 
A and B. 


Example ,—^Suppose that a galvanometer with an internal resistance of 100 
ohms gives a deflection of one scale division when a current of 1/1000 milliampere 
{= 10“® amp.) is flowing through it. Then this deflection corresponds to an 
applied pressure of 10 ^ volt; for by Ohm’s law U = IR. If it is desired to make 
this deflection of one scale ^vision correspond to a potential difference of 10"^ 
volt, a resistance 99 times that of the galvanometer (i.e. 9900 ohms) must he 
connected in series with it; for then, if the total potential difference appHed 
to resistance and galvanometer is 10'"^ volts, that actually applied to the galvano¬ 
meter alone is 10”“* volt, which produces the desired deflection. If one scale 
division of the galvanometer is to corr^pond to 1 volt, the resistance inserted 
in the series must be 9999 times greater than that of the galvanometer, i.e. 
999,900 ohms. 
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Extension of the Measuring Range of Ammeters by means of Shunts. 

—By means of shunts (i.e. resistances connected in parallel) every 
current-measuring instrument can be adapted for the measurement of 
current strengths greater than those for which it is otherwise suitable. 
Only a certain known fraction of the larger current is allowed to pass 
through the ammeter (fig. 26). Thus the galvanometer mentioned 
in the above example may be made to give a deflection of one scale 
division for a total current of 10“^ amp. instead of 10“® amp. For 
this purpose the terminals of the instrument are connected by a shunt 
whose resistance is 1/999 of that of the galvanometer itself. Then 
according to p. 229 the current strengths through the shunt and the 
galvanometer are in the inverse ratio of the respective resistances, 
i.e. 999 :1. Thus of the total current 
999/1000 goes through the shunt and 
1/1000 through the instrument. 

Electrometer as Measurer of Current.— 

This arrangement is seldom employed, 
since the difficulties of insulation make 
the use of ordinary current - measuring 
instruments much more convenient. The 
method is sometimes of advantage, how¬ 
ever, for very weak currents in circuits 

of high resistance. The principle is to Fig. 25.—Extension of the range of 
measure the potential diiierence between instrument, 
two points of the circuit, the corresponding 

resistance being known.. Then application of Ohm’s law gives the 
current strength between the two points and, since the electrometer 
takes no current, the current strength m the whole circuit. 

General Rules.—The following points must be home in mind. The intro¬ 
duction of the measuring instruments must have the least possible influence 
upon the process to be measured. In measuring current strengths the increase of 
resistance AR occasioned by the introduction of the measuriug instrument 
must be small in comparison with the resistance R of the remainder of the circuit; 
otherwise the current flowing through the instrument, i.e. I = U/ (R + AR), will 
differ considerably from the actual value U/R which it is desired to measure. 
This condition can easily be fulfilled by employing a suitable shunt. In measur¬ 
ing the (potential difference between two points A and B, however, the resistance 
of the instrument introduced in parallel must be very great in comparison with 
the resistance already between A and B; otherwise the potential (Terence will 
be considerably reduced. Care must be taken to see that this condition is fulfilled 
in the case of voltmeters, whose resistance may not always be sufficiently great 
for the proposed purpose. Mistakes may be avoided by leaving the voltmeter 
connected throughout the other measurements or observations which have to 
be made upon the process under investigation, and then reading off the pressure 
last of all; the fall of pressure due to the presence of the voltmeter is then present 
throughout the whole investigation, and the pressure read off is that at which 
the observed process actually took place. 

Thus we have the following general rules: Current measurers have small resis^ 
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tance and, are inserted in the main circuit. Measurers of potential difference have 
great resistance and are connected in parallel to the section of the circuit under in^ 
vestigation, (Compare figs. 24 and 25, albove.) 

6. Methods of Connecting Up Sources of Current 

The pressure losses in a system of conductors can be regarded as 
due to an insufficient passage of electricity on account of tlie resistance 
of the conductors. Analogous conditions occur in systems of water 
pipes not involving mechanisms producing differences of level. In¬ 
sufficient passage of electricity may also be due to the incapacity of 
the sources to supply the necessary quantities of electricity with 
sufficient rapidity. This incapacity may be occasioned by the existence 
of too great an internal resistance in the sources themselves, or by 
some other process which limits the supply of electricity. We shall 
now go on to consider these factors. The problem is essentially the 
same as the following: What are the factors limiting the supply of a 
pump and how should pumps be arranged so as best to supply the 
desired flow of liquid or to maintain the desired pressure in a system 
of water mains? Before going farther into this problem, we will first 
consider in more detail the behaviour of sources of electric current 
when actually in operation. 

E.M.F. on Open and Closed Circuit. — The potential difference 
between the poles of a source of current, in particular a galvanic cell, 
is called its electromotive force or E.M.F. When the poles are connected 
by a conductor the cell is said to be on closed circuit; when there is no 
conducting connexion, the cell is said to be on open circuit (p. 41). 

Exyerhnent —^Having verified that the E.M.F. of a chromic acid cell on open 
circuit is 1*8 volt, we connect the two poles by means of an iron wire 1 m. long 
and 0-2 mm. thick. The E.M.F. is now found to be only 1*5 volt. We then shorten 
the iron wire to J m., and find that the E.M.F. falls to about 0*8 volt. As the 
wire is made still shorter, the E.M.F. decreases stiU more, until, when the two 
poles are put into direct contact, it vanishes altogether. Thus the smaller the 
resistance between the poles, the smaller also the E.M.F. When the circuit is 
broken, the E.M.F. (now on open circuit) reassumes its original value of 1-8 volt, 
provided that the short-circuiting was not of such long duration as to cause 
serious chemical changes of the electrodes and the electrolyte. 

luteraal Resistance of Cells and Accumulators.—^We make use of 
an arrangement corresponding exactly to that (fig. 2, p. 222) pre¬ 
viously employed in investigating tbe resistance of an electrolyte. In 
this case, however, we use chromic acid as the liquid and plates of 
zinc and carbon (with their backs paraffin waxed) as electrodes. The 
potential difference between these plates is measured with an instru¬ 
ment (e.g. a string electrometer) which takes no current. No other 
source of current is required in this case; in its place (fig. 26, compare 
fig. 2, p. 222) we insert a variable resistance in the external part of 
the circuit. 
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Keeping constant tEe resistance E. of the external part of the circuit, 
we find that the E.M.F. between the poles of the cell decreases as the 
electrodes are moved farther apart. As the distance between the 
electrodes is decreased, the E.M.F. increases and becomes more and 
more nearly equal to the E.M.F. on open circuit. 

We now vary the experiment, this 
time keeping constant the external 
resistance R and the distance be¬ 
tween the electrodes, but varying the 
efiective area of the latter by filing 
the containing vessel to different 
levels with the electrolyte. In this 
way we find that the E.M.F. of the 
cell on closed circuit (i.e. when deliver¬ 
ing a current) increases as the cross- 
sectional area of the liquid column 
between the electrodes is made greater. 

Thus, as must be expected, the 
electrolyte of the cell behaves like a 
resistance connected between the electrodes. Since this resistance lies 
within the source of current, it is called the internal resistance. 

We can get a pictorial representation of the potential fall by plotting dis¬ 
tances (measured from electrode to electrode through the electrolyte and then 
along the conductor forming the external resistance) as abscissae and correspond¬ 




ing E.M.F.s (measured between the carbon electrode and the zinc electrode) as 
ordinates (see fig. 27). The E,M.F. of the cell on open circuit is represented by 
the dotted ordinate E. Then CqAo represents the E.M.F. Eo of the ceU when 
the electrodes are very close together and connected by a large external resistance. 
When the length of the li< 3 [uid column between the electrodes is increased to an 
extent corresponding to the point 0 and the length of the external wire is made 
equal to CO == R, the fall of potential is represented by the broken line AoBO. 
The E.M.F. of the cell (now on closed circuit) is given by OB =- e. The potenti^ 
fall within the electrolyte is represented by AqB, the fall in the external circuit 
by BO. 
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If now the carbon electrode is separated still farther from the zinc electrode 
to a position corresponding to the point the external resistance being kept 
the same as before, we get the broken line AqB'O^ The E.M.F. between the 
electrodes is now only G'B' — e'. 

The influence of the internal resistance upon the current strengtk 
can be compensated, of course, by suitable adjustment of tbe external 
resistance. Tlius we may arrange tbat the current strength, as indicated 
by the measuring instrument of the apparatus shown in fig. 27, is 
always constant. In order to attain this, we find that a variation of 
the distance between the electrodes must be compensated by a corre¬ 
sponding displacement of the slider of the rheostat. As the electrodes 
are moved farther apart, the resistance of the external part of the 
circuit must be reduced, the increase of the distance between the 
electrodes being approximately proportional to the decrease of the 
external resistance. Thus a decrease of the distance between the 
electrodes has the same efiect upon the current strength as a decrease 
of the external resistance. 


We must not deduce from tMs that the internal resistance of a cell is accur¬ 
ately proportional to the distance between its electrode plates. As a matter of 
fact this is not the case. The internal resistance of a cell is actually made up of 
two parts, the one being proportional to the distance between the electrodes 
but the other (at the same current strength) beiug constant. The latter part of 
the internal resistance is associated \\uth the passage of the current out of the 
electrodes into the electrolyte. Thus the internal resistance R^- of a cell may be 
written as the sum of two resistances and R^. The former varies with the 
area A of the electrode plates and the distance I between them, being given by 
the equation 

Bg = aZ/A, 


where oc is a constant. The latter term R„ is dependent only upon the strength 
of the current through the cell, decreasing as the current strength decreases. 
When the current strength is very small, may be assumed to be zero. 

Strength of the Current furnished by a Galvanic Cell.—^We may apply Ohm’s 
law to a closed electric circuit including a source of electromotive force, pro¬ 
vided that we take account of the internal resistance of that source (p. 228). 
The simplest ease is that of a cell of E.M.F. E and internal resistance R^- with 
its poles connected by a conductor of resistance R^. The current strength I is 
then given by 

1 =_ 

E-j- + Rg 


In this equation E is the E.M,F, of the cell on open circuit. 

When several similar cells are connected in parallel (fig. 50, p. 45), the E.M.F 
of the battery is equal to that of a single cell. The battery acts like one cell 
with plates equal in area to the sum of the areas of the plates of the individual 
ceUs. Thus in the case of % cells connected in parallel the internal resistance of 
the whole battery is only Ijn of that of a single cell. Hence the current strength 
I^ when the external resistance is R^ is given by 
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where E and are resioectively the E.M.E. and internal resistance of each of 
the cells. 

In the case where R^ is large in comparison with R^■/9^, the first term of the 
denominator on the right-hand side of the equation may be neglected in com¬ 
parison with the second, and the expression simplifies to 

Ip == E/Rg. 

From this we see that, when the external resistance is large, the current strength 
from a battery of cells connected in parallel is the same as that which would be 
given by a single cell. 

On the other hand, when is negligibly small in comparison with 'BJn, 
the expression for becomes 

= 7^EyR^. 

Thus in the case where the external resistance is small the current strength is 
increased in proportion to the number of cells connected together in parallel 
to form the battery. 

The E.M.F. of a battery of cells connected in series (fig. 49, p. 44) is equal 
to the sum of the E.M.F.s of the individual cells. The internal resistances of 
the cells also add together. Hence in the case of n cells we may write 

j _ nEi 

^ 7zr, + r; 

When Eg is large compared with nRp this simplifies to 

Thus in this case the ourrent strength is directly proportional to the number of 
cells in the battery. 

When Rg is small in comparison with n'R^ we obtain 

_ mE E 
R,- 


From this it is seen that, when the external resistance is small, no advantage is 
obtained by using a number of cells in series rather than a single cell. 

In the case of series-parallel arrangement, in which m groups each of n cells 
in series are connected in parallel, the E.M.F. of the whole battery is E' = 9^E 
and the internal resistance R/ = Hence the current strength is 


Is® ~ 




—R,- -f- Rg 
m * ^ 


The greatest possible current for any given case is obtained by suitable choice 
of m and n. A simple calculation shows that for a given number of cells and 
a given external resistance the condition for maximum current is that the in¬ 
ternal resistance of the whole series-parallel battery shall be as nearly as possible 
equal to the external resistance of the circuit. 


7. Measurement of Resistance 

Resistance Measurements with the help of Ohm’s Law. —The un¬ 
known resistance R may be inserted into an electric circuit, and the 
potential difierence U between its ends and the current strength I 
flowing through it may he measured. Then R = U/I. 
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Method of Substitution—AltexnB^tively the unknown resistance 
may first be inserted in a circuit fed by a battery of constant E.M.F. ■ 
and tien replaced by a variable resistance of known value. The latter 
is adjusted until the current strength, in the circuit is the same as 
when the unknown resistance was present. The value in ohms read 
off upon the variable resistance is then the desired magnitude of the 
resistance to be measured. 

These methods give only moderate accuracy. Numerous methods 
have been proposed for the more precise measurement of resistance. 
We cannot discuss them all in detail here, but will confine our attention 
to the following one, which is capable of wide application and which 
is sufficiently accurate for most purposes. 

Wheatstone's* Bridge. —The two metal blocks A and B (fig. 
28) are connected to the poles of a battery of electromotive force E. 



Fig. 28,—Fall of potential along two Fig. 29.—^Arrangement of resistances 

wires connected in parallel. Principle in Wheatstone’s bridge 

of Wheatstone’s bridge. 


In addition A and B are joined by the two wires ACB and ADB, along 
which there is therefore a certain uniform potential drop U dependent 
upon the magnitude of E, the internal resistance of the battery and the 
resistance of the wires and leads. If the point C is such as to divide 
the one wire into the parts a and &, the potential difference between 
A and G is given by : U = a: (a + &). Similarly, if the point D 
divides the other wire into the parts c and d, the potential difference 
Ug between A and D is given by Ug: U— c: (c + d). In general, there¬ 
fore, Ui and Ug are different. Hence i£ they are touched with two 
wires leading to the poles of a current indicator, this instrument will 
in general show a deflection; the magnitude and sense of this deflection 
indicate the nature of the potential difference between C and D. By 
sliding the contact poinfe 0 and D along the wires it is possible to find 


* Chaelbs Wheatstowb (1S02-75), Esglisli phymcist and tli© practical founder 
of modem telegraphy. He devi^d the bridge durcnit in 1843. 
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pairs of points sucii tliat tlie current-indicating instrument stows 
no deflection. Ttere is no potential difierence between suet a pair of 
points, i.e. = V^, or 


U. 


a 

a + 6 


U. 


c 

c+ 


We see ttat U vanistes from ttis equation, so that tte position of tte 
pair of points is quite independent of tte magnitude of tte total poten¬ 
tial difierence between A and B. Written in anotter form, tte equation 
states ttat 

a:b = c:di 


a result wtict can easily be verified by direct measurement. 

Tte wtole arrangement (and more particularly also tte connecting 
wire, with current indicator, joining C and D) is known as Wheatstones 
bridge. 



Fig. 30,—^Apparatus for measuring resistance by Wheatstone’s bridge method 


We may now replace tte four portions of wire a, 6, c and d by 
resistances E^, Rj, E^ and E^ (fig. 29). Tte condition for no current 
through tte bridge-wire remains tte same as before. Hence we can 
write in general: 

The condition for no current through the hridge-wire is 
E^: Eg, = Eg: E,^. 

Wheatstone’s bridge is especially useful for tte measurement of 
unknown resistances. For if three of the four quantities be known in 
the relation E^ : E^ = E^ : E^, tte fourth can at once be calculated. 
Indeed, it is only necessary to know one of tte resistances, sa}^ E^, 
and the ratio of the two resistances on the otter side of tte bridge. 
A convenient arrangement is therefore to use a uniform wire stretched 
over a measuring scale as tte conductor ADB. Tte ratio E^: E^r is 
then equal to c : cZ, wtict can be read off at once from tte scale. 

Tte bridge circuit may be modified by interchanging tte positions 
of tte battery and tte current-indicating instrument. An actual 
apparatus coainected up in ttis way is depicted in fig. 30, tte corre- 

(E 617 ) 17 
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sponding circuit; being sbown (Lagrammatically in fig. 31. The un¬ 
known resistance is X, the Imown resistance R. The sliding contact 
is pushed along the measuring wire, which is stretched over a scale, 
until the galvanometer shows no deflection. Then we have X = Ec/d. 

The measuring wire is often 
wound upon a cylinder made of 
insulating material (fig. 32). In 
this way a long wire can be 
accommodated in a relatively 
small space. 


B 


Firr- 31. — Tnterchp.rge of battery 
and in Fig. 32.—Drum measuring wire for Wheatstone’s 

Whe:.:s:o:'A:'s ’ bridge method 

The Wheatstone’s bridge method is also used for the determination 
of the resistance of electrolytes. A complication is introduced here, 
however, by the fact that a direct current through the electrolyte 
gives rise to chemical changes which affect the results (see § 3, p. 286, 
polarization of electrodes). This difficulty can be overcome by using 



Fig. 33.—^Bridge apparatus for measuring the resistance of electrolytes 


a current of rapidly alternating sense, so that the changes produced 
are continually reversed. Such currents can be obtained from an 
induction coil (p. 516), or better from a valve oscillator (p. 699), 
which therefore takes the place of the battery shown in figs. 29 and 
31 above. As null-instrument it is necessary^ of course, to use a 
device which indicates alternating currents, e.g. an electrodynamo¬ 
meter (p. 216) or, simpler and very sensitive, a telephone. This 
gives an arrangement of the kind shown in fig. 33. The vessel or 
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cell containiiLg the electrolyte usually lias one of tlie sliapes sliown 
in fig. 34. Tlie electrodes are made of platinized platinum (see 

p. 286 ). 

In tlie case of electrolytes it is tlie specific and not tlie absolute re¬ 
sistance that is of interest (p. 222). The cell must therefore be calibrated* 
If the cell were cylindrical and the electrodes just large enough to fit 
inside it and form complete partitions across 
it, the specific resistance of the contents 
could be calculated from the observed 
absolute resistance and from the dimensions 
of the cell. In practice, however, the cell 
(see fig. 34) is filled with an electrolyte of 
known specific resistance and the corre¬ 
sponding absolute resistance is measured. 

From this the absolute resistance is calcu¬ 
lated for the case of an electrolyte with 
unit specific resistance when contained in the same cell. This is called 
the resistance capacity of the cell or the cell constant. If the cell constant 
is C, the absolute resistance E when the cell is filled with an electrolyte 
of specific resistance co is 

E=Ca). 


Fig. 34.—Forms of cell for 
conductivity measurements 
upon electrolytes. 


8. Electrical Conductivity 

The specific resistance p (i,e. the resistance of a cube of the sub¬ 
stance of 1 cm. edge) and its reciprocal, the specific electrical conduc¬ 
tivity /c, are characteristic constants of the substance or solution 
under consideration. Numerical values of these very important quan¬ 
tities have already been given for a selection of substances in Table V, 
p. 223. 

The conductivity of metals is about 10^ times greater than that 
of the best conducting electrolytes (see Table VI, p. 248). The con¬ 
ductivity of metals is affected to an extraordinary degree by the 
presence of impurities; it is usually diminished and to an extent far 
greater than would be expected from the concentration of the im¬ 
purity. The conductivity of metals also varies up to several per cent 
with the previous chemical or mechanical treatment of the sample. 
It should be noted also that in the case of single crystals not belonging 
to the regular system very marked differences of conductivity can be 
observed in different directions. Thus the specific resistance of tin 
(tetragonal) is 0*131 ohm parallel to the axis, but only 0*09 ohm per¬ 
pendicular to the axis. 

Dependence of Conductivity upon Temperature. —The specific 
resistance varies with the temperature. In the case of metals it increases 
with rise of temperature; but in the case of carbon, silicon, tellurium, 
and a few other substances the variation is in the opposite sense (see 
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fig. 35). Very pure grapldtej Iiowever, beEaves like metals. The change 
of resistance per C. of a conductor whose initial resistance is 1 ohm 
is called the temperature coefl&cient of resistance. Hence if dR be the 
change of resistance for a change of temperature dJJl of a conductor of 
initial resistance E, the temperature coefficient ^ is given by 

(IT 

It follows that if the resistance of a conductor at a certain tempera¬ 
ture is R, its resistance at a temperature higher will be E(1 + ^t). 
The curves in fig. 35 are not straight lines, from which it follows that 
jS is not a constant. The value usually given is a mean value between 
0° C. and 30"" C. For the common metals ^ = 200 ^0 3 ^ 0 * is 



Fig. 35.—^^ariation. of the resistance of solids 
with change of temperature (r — p/po) 



Fig. 36.—Iron wire resistance 


remarkable that this value is not very difierent from the coefficient 
of expansion or the pressure coefficient of gases (Vol. II, p. 11). 
In order to represent more accurately the variation of resistance with 
temperature, it is necessary to employ a quadratic formula of the 
form R = Ro(l + ^ -f yt^). 

Certain alloys similar to German silver, especially those containing nickel 
(constantan) or manganese (manganin) in certain proportions, have the peculiar 
property that their resistance varies only very slightly with the temperature, 
i.e. they have a very small temperature coefficient (Table V, p. 223). They are 
chiefly used for makiag standard resistances. 

Eig. 36 shows a suitable apparatus for demonstrating the change of resistance 
with temperature. Upon a base-board are mounted a small incandescent lamp 
and two vertical rcnis carrying binding screws. A small spiral of iron wire is 
clamped between the upper ends of the rods. The lamp and spiral are connected 
in series with a battery of such an electromotive force that the lamp lights up 
brightly. The iron wire spiral is then heated with a Bunsen burner. This causes 
the lamp to bum less brightly and almost to go out, because the resistance of 
the iron wire is increased to four or five times its value when cold. As the spiral 
is allowed to cool down again, the lamp gradually lights up brightly once more. 
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The experiment may be repeated with a spiral of wire made of nickelia or 
constantan. In this case the intensity of the lamp is -undimmished even when 
the wire is made red hot. 

The high temperature coefficient of iron has found practical application for 
the automatic regulation of current strength. The inclusion of an iron wire in 
a circuit along with other resistances makes the whole sensitive to changes of 
temperature. If now the pressure goes up, the current strength tends to increase, 
but this in turn increases the resistance of the iron wire on account of the rise of 
temperature. By suitable choice of the length and cross-section of the iron wire 
it is possible to arrange that, in spite of the increase of pressure, the current remains 
constant or at least increases only very shghtly. In actual practice the iron wire 
is usually sealed in a small airtight glass tube filled with hydrogen. 



A simple relationship holds for the specific resistance of impure 
metals, which (as mentioned above) is greater than for the pure metal. 
The product of the specific resistance 
p and the temperature coefficient has 
the same value at any temperature both 
for the pure and also for the impure 
metal {MatMessen’s rule). This means 
that the increase of the resistance of the 
metal by the presence of the impurity is 
accompanied by a corresponding decrease 
in the change of resistance with tem¬ 
perature. Thus the impurity adds to 
the original resistance of the metal an 
additional resistance which is independent 
of the temperature. 

The variations of resistance at low 
temperatures are of especial interest. 

As is seen from fig. 37 the resistance 
decreases below about 0° C. more rapidly 
than would correspond to direct pro¬ 
portionality to the temperature. But at very low temperatures (about 
—250° C., i.e. 23° abs.) it still has a measurable value amounting 
to between 1/1000 and 1/10000 of the value at room temperature. 

Super-conductivity.—^In 1911 Kameelingh Oknes discovered a 
very surprising phenomenon, the causes of which still remain unex¬ 
plained. He found that the resistance of mercury disappears at about 
4T9° abs. (i.e. about —269° C.). Just above this temperature the 
specific resistance p of mercury is about 1/500 of the extrapolated 
value for 0° C. (mercury melts at —38*9° C.). But a decrease of tem¬ 
perature of only about 0*02° then causes p to become practically jzero 
(compare the corresponding curve for tin shown in fig. 38). 

This state, in which the metal offers no measurable resistance to 
fche passage of an electric current, is called the sujper-condiMCtmg state. 
Up to the present it has been possible to bring the following pure 


Fig. 37.—Change of resistance ratio 
j* = p/po of metallic conductors at low 
temperatures. 
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elements (in addition to mercury) into tEe super-conducting state: 
ttorium (1*4° abs.), thallium (247°), indium (341°), tin (3*75°), tanta¬ 
lum (4*5°), and lead (7*2°). The temperatures given in brackets are 
those at which the sudden fall occurs in the respective resistance- 
temperature curves. All the numerous other pure metals have a 
measurable, though very small, resistance even at the lowest tempera¬ 
tures. Recently, however, Meissker (1928) has succeeded in bringing 
into the super-conducting state an alloy of metals each of which alone 
is incapable of showing the effect (Au-Bi, 2*15°). Super-conductivity 
has also been observed in the case of compounds, e.g. carbides and 
nitrides, amongst which NbC possesses the highest upper temperature 
limit (namely 10° abs.) of super-conductivity yet known. 

The order of magnitude of the specific 
resistance in the super-conducting state is 
probably about 10”^^ of that at 0° C. 
Thus in the super-conducting state a wire 
conducts electricity a billion times better 
than at ordinary temperatures. 

This explains the fact, at first very 
surprising, that a current in a super¬ 
conducting circuit, when once it has been 
started (e.g. by induction, see p. 370), can 
continue to flow for a very long time 
with undiminished strength and without 
any E.M.F. It has been found possible 
to produce persistent currents of 360 amperes in a circle of quite thin 
lead wire. Investigation of these currents showed that, when once they 
were set flowitig, their strength decreased at most by 1/40000 in an 
hour. (For further details of these experiments see Vol. V.) Practical 
importance attaches to the fact that the upper temperature limit of 
the super-conducting state is depressed by external magnetic fields, and 
that at magnetic field strengths above a certain value (generally a 
few hundred gauss, but in the case of Pb-Bi alloys at 1*9° abs. as high 
as 20,000 gauss) the super-conducting state cannot be attained. Hence 
it is unfortunately impossible to construct very strong electromagnets 
with the help of super-conductors. Even the magnetic field of the 
current within the super-conducting circuit has a disturbing effect, so 
that there is an upper limit to the current strength with which a super¬ 
conductor can be loaded at a given temperature (e.g. for lead 407 
amperes per mm.^ at 4*21° abs.). As is to be expected from the vanish- 
ingly small resistance, there is no observable development of heat in 
super-conductors, even at the highest possible current strengths. 

Kesistance Thennoineters.—^The alteration of the electrical resistance of a 
wire with change of temperature can he used to measTire temperatures. Thermo¬ 
meters of this type are the most accurate up to 600^^ C.; for low temperatures 



Fig. 38.—^’’ariation of resistance 
of tin at very low temperatures, 
showing the sudden decrease to 
the super-conducting state. 
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they are indispensable. The metal usually employed is platinum, and for lower 
temperatures also lead and gold. The wire is wound loosely upon a piece of mica 
and contained within^ a protecting tube. The thermometer is calibrated by means 
of the usual fixed points (Vol. II, p. 2). Eor platinum the changes of resistance 
with temperature can be represented by a quadratic formula (p. 244). The 
measurement of the resistance may be performed with a Wheatstone’s bridge 
arrangement. In order to measure temperatures correct to 0*001°, the apparatus 
must be made sensitive enough to measure changes of resistance of about 4 
parts in a million. 

Bolometers .—Resistance thermometers which are heated by radiation instead 
of by conduction are called bolometers.* They are chiefly used for measuring the 
intensity of the incident radiation. They consist of very thin wires or strips of 
platinum, iron, or nickel. Platinum sheet brazed to silver sheet of ten times its 
thickness can be rolled out to a thickness of 0*5. p.; it is then stretched upon a 
slate frame and the silver dissolved ofl. In this way it is possible to obtain plati¬ 
num foils only 0*00005 mm. thick. The foil, which is often cut into a zig-zag 
strip, is coated with lamp black or platinum black. When radiation (e.g. light) 
faUs upon it, the strip absorbs the energy and transforms it into heat. As a 
result the temperature of the strip is raised and therewith also its electrical 
resistance, which is measured by a bridge method. 

Influence of other Factors upon the Electrical Conductivity.— 

The specific resistance of metals is afiected by mechanical influences. 
In general the resistance is diminished by increase of pressure. 

When the material is extended^ an increase of resistance can 
usually be observed in the direction of the extension. The 
effects of the previous mechanical treatment of a metal can 
usually be removed by amiealing at certain temperatures. 

Magnetic fields also have an influence upon conductivity 
(W. Thomsoist, 1858). The effect is very small for most 
metals; but in the case of bismuth the resistance may be 
doubled by the application of a strong magnetic field at 
right angles to the direction of the current. Hence bismuth 
can be used to measure magnetic field strength. For this 
purpose use is made of a small bifilar spiral of thin bismuth 
wire (fig. 39) mounted between two thin discs of mica 
(Lenard). This is placed in the magnetic field whose 
strength is to be measured, and the electrical resistance 
of the spiral is determined by the Wheatstone’s bridge muth. spiral 
method. 

Light or X-rays can also affect the conductivity of solid crystals 
(not of metals). These phenomena will be treated latex, see p. 367. 

Relation between Electrical Conductivity and Thermal Conduc¬ 
tivity. Wiedemann-Franz Law. —^Experiment has proved that the 
following simple relationship holds between the thermal conduc¬ 
tivity (specific conductivity, Vol. II, p. 176) and the electrical 
conductivity k: the ratio of \ to k is approximately a constant for 
all pure metals at a given temperature (Wiedemaiot, Franz, 1863). 

* Gr., hole, ray, from ballein, to throw. 
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Thus the greater the electrical conductivity of a material, the better 
it conducts heat. We are all familiar with this fact in a qualitative 
way. All poor electrical conductors such as glass, wood, and the like 
are also poor conductors of heat, while metals conduct heat much 
better. Also among the metals themselves the best conductors of heat 
are the good electrical conductors like copper and silver; whereas iron, 
which is a relatively poor electrical conductor, is also a relatively poor 
conductor of heat (compare Vol. II, p. 176). 

It is found further that the ratio is proportional to the absolute 
temperature T, i.e.: 

7 _ \ 

/cT T’ 

where Z is a constant independent of the temperature and of the nature 
of the material. The above law ceases to hold at low temperatures, 
the thermal conductivity no longer increasing as rapidly as the electrical 
conductivity. At the transition into the super-conducting state the 
thermal conductivity does not change in the same way as the electrical 
conductivity. 

Conductivity of Electrolytes. — The conductivity of electrolytes 
is very much smaller than that of metals. For aqueous solutions it 
amoxmts to only about 1/1000000 of that of the best conducting 
metals. Pure liquids have a much smaller conductivity even than 
aqueous solutions (Table VI). For the purest water /c = 1 to 2.10“^. 
The best distillate in air has 0*7.10“® ohm”^ cm."*^. On the average 
1 mgm. of a salt dissolved in a litre of water raises the conductivity 
by about 10"®. Thus conductivity offers a very good means of testing 
the purity of water. 


Table VI.— Conductivity of Pure Liquids in ohm“^ cm.“1 


Sulphuric acid, 1 . 10 "® 

Etbyl alcohol, 1 - 2 .10"^ 

Ammonia, approx. 1 .10”'^ 


Sulphur dioxide, < 1 . lO"”^ 

CMoroform, < 1 . 10 “® 

Benzene, < 1 . 10 "® 


Influence of Concentration .—^In very dilute solutions the conduc¬ 
tivity of an electrolyte increases approximately proportionally to the 
concentration. 

In fig. 40 the conductivity of dilute sulphuric acid is plotted as a function 
of the concentration. The abscissae are the concentrations expressed as per¬ 
centages; the ordinates are the corresponding values of the conductivity. It 
is seen that in dilute solution the conductivity increases approximately in pro¬ 
portion to the concentration, reaches a maximum at about 30 per cent, and then 
decreases agam. At about 84 per cent there is a minimum. At this concentration 
the composition of the solution corresponds to H 2 SO 4 . HgO. As the concentra¬ 
tion is further increased the curve rises slightly, but then falls off rapidly towards 
the axis of abscissae as the concentraticm 100 per cent is approached. Pure sul- 
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phuric acid is therefore a “ non-condaotor ” for electric currents (see Table VI 
above). Similar carves are obtained for other electrolytes (see fig. 41). 



Fig. 40.—Variation of the conductivity of sulphuric acid with concentration. 
(Concentrations, horizontal; conductivities, vertical.) 


In most cases there is a maximum electrical conductivity at a 
certain concentration. 

The relationships involved were clarified by the introduction by 



Fig. 41.—Variation of the conductivity of aqueous electrolytes with concentration. 
(Concentrations in equivalents per litre, horizontal; conductivities X lo*, vertical.) 


F. Kohleatjsch * (from 1876 onwards) of the concept of equivalent 
conductivity 

* Peiedeioh Kohleafsoh, bom in 1840 at Binteln, in 1875 became Professor of 
Physics at Wiirzhurg, in 1888 at Strasbtirg, from 1895 to 1905 President of the Physik- 
aUsch4echm8che Beichsamtalt at Oharlottenbnrg, died at Marburg in 1910. 
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The equivalent conductivity X is the quotient of the conductivity 
divided by the number of gramme-equivalents of the solute contained 
in 1 cubic centimetre of the solution. 

Kohlrausch foruid that the equivalent conductivity increases •with 
increasing dilutionj approaching a limiting value for infinite dilution. 

The significance of this can be understood clearly by imagining the following 
experiment to be carried out. Think of a deep prism-shaped vessel of square 
cross-section and cross-sectional area 1 cm,^. Two opposite sides must be ima¬ 
gined to be made of platinum, the other pair of sides and the base being of glass. 



Fig. 42.—^\^ariatioii of the equivalent conductivity of aqueous solutions with the dilution. 

(Litres per equivalent, horizontal; equivalent conductivities, vertical.) 

The two platinum sides are connected by suitable leads in an electric circuit. 
Into this vessel are poured 1000 cm.^ of an aqueous electrolyte containing exactly 
one gramme-equivalent of the solute: the solution is thus normal. The metal 
sides are then connected up and the conductivity determined. The value so 
obtained is the equivalent conductivity at the concentration 1 normal or 1 /lOOO 
equivalent per cm.®. The electrolyte is now diluted with water. Suppose that 
the conductivity is again measured when the total volume is 10 litres. The value 
obtained is the equivalent conductivity at the concentration -fjj normal = 1/10000 
equivalent per cm.®. No matter to what extent the solution is diluted, there is 
always 1 gramme-equivalent of the solute between the platinum electrodes. At 
evejy dilution the equivalent conductivity A is given by 1000 x/% where n is 
the number of gramme-equivalents contained in a litre. 

In the above exj^riment the observed conductivity at any dilution is the 
equivalent conductivity at that dilution. Such an experiment would prove that 
the equivalent conductivity increase with increasing dilution. When the meas¬ 
urements are not carried out with the kind of Vi^sel imagined above, the equivalent 
conductivity for a given concentration can be calculated from observed results 
with the help of Ohm’s law. 
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Fig. 42 stows tte variatm of equivalent conductivity witt 
dilution for a number of solutes. As is seen from tbe curves, tie e^ui- 
mlent conductivity A always increases mth increasing dilution and 
approaches a limiting mximum value A«, for infinite dilution. 

Concerning tbe conclusions as to tbe mecbanism of electrolytic 
conduction wbicb may be drawn from this behaviour see Cbap. VIII, 
p. 266 et seg. 



Fig. 43 .—"Effect of temperature the ccr.ductivity of aqueous 

electrolyte solutions, normal. (T;-.e represent conduc¬ 

tivities X 10 ^ and are to be increased by 200 for HNO3 and by 
100 for KOH.) 


Influence of Temperature.—In. contrast to tbe case of metals, tbe 
conductivity of electrolytes increases with rise of temperature. Tbe 
value usually given is tbe equivalent conductivity at 18° C. (Aig). 
Tbe temperature variation of k is shown for a number of substances 
in fig. 43. Tbe curves illustrate tbe fact that tbe increase is only in 
a few cases proportional to tbe rise of temperature. Around room 
temperature tbe change of conductivity can generally be taken as 
about 2-5 per cent per degree. 



CHAPTER VII 


Electric Current and Heat. Mechanical 
Equivalent of a Current 

1. Mechanical Equivalent of a Current at given Potential 
Difference 

We start once more mti. the basic experiment upon the discharge 
of a charged, condenser. Work is required in order to charge up the 
condenser to the potential difference U. According to §§ 12 (p. 69) and 
16 (p. 96) the magnitude W of this work is IQU, where Q is the 
charge. We now put the two condenser plates in conducting connexion 
and allow the opposite charges to neutralize each other. After this 
has taken place the condenser is once more uncharged. According to 
the law of the conservation of energy (Vol. II, p. 32) the energy 
expended in the charging process must have been changed into some 
other form. Now in the above experiment it is easy to observe that 
the temperature of the conductor joining the plates has risen, maybe 
to such an extent as to make it red hot or white hot. The electrical 
energy has thus been transformed into thermal energy and possibly 
also into light energy. Onr purpose in this seetion is to consider the 
quantitative measure of this transformation. As has been previously 
mentioned (p. 136), it is possible by supplying charges from a suitable 
source to maintain the potential difference of the condenser at a con¬ 
stant value in spite of the conducting connexion between the plates. 
The current flowing between the plates is then maintained by a con¬ 
stant electromotive force and itself remains of constant strength. 
The quantity of heat developed per unit of time is also constant under 
these conditions. The quantity of work W necessary to maintain the 
potential difference U/or a certain time is given by the equation: 

W=QU, 

where Q is the quantity of charge supplied during that time; for 
according to p. 29 we must perform the work QU to supply the charge 
Q to the condenser plates at the constant potential difference U. Thus 
we arrive at the general result: 

The mechanical equivalenl W of an dectric current flowing in a cow- 
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ductor is equal to QU, where Q is the quantity of electricity involved and 
U is the potential difference between the ends of the conductor. 

When an influence machine is used, for example, the energy required 
to maintain the current between the condenser plates is supplied as 
mechanical work in turning the machine. The energy necessary to 
maintain the current through an ordinary incandescent lamp is derived 
from the turbines and steam-engines of the power station. The energy 
required to keep up the lighting current of a pocket flash-lamp is 
supplied at the expense of the chemical energy of the dry cells. 

2. Joule’s Law. The Thermal Equivalent of an Electric 
Current 

If the whole of the energy W of discharge of the condenser is 
transformed into heat, the quantity H of heat obtained is given by 
H = QU = W. When the current is of constant 
strength I we may write Q = I^, where t is the duration 
of the current. A constant K must be introduced when 
the heat is measured in calories, the potential difierence 
in volts and the current strength in amperes. We thus 
obtain: 

H cal, == K . tr volts. I amperes. t seconds. 

This is known as Joule’s"^ law. The constant K gives 
the number of calories of heat corresponding to a 
current of 1 ampere flowing for 1 second through a 
potential fall of 1 volt. This quantity of energy is given 
the name 1 international joule. 

For the experimental inyestigation of the development of 
heat by an electric current we may make use of several small 
incandescent lamps burning normally at 2 volts and as source of current a 
battery of low internal resistance (e.g. large accumulators), so that the pressure 
drop when the lamps are switched on may be neglected (see p. 230). Fig. 1 
shows an arrangement in which three accumulators are combined to form a 
battery and fitted with the four terminal screws P 2 , P 3 , and P 4 , between 
each successive pair of which there is thus a potential difference of 2 volts. 
Each of these terminal screws is connected to a corresponding piece of bare 
copper wire, Di, I> 2 , Bg, or D 4 . The four wires are stretched out parallel 
to each other upon a base-board. The small lamps are held in suitable devices 
by means of which they can be put into circuit by simply placing them as a 
bridge across two neighbouring wires. 

Using only one lamp, the brightness with which it lights up is independent 
of which pair of wires it is placed upon; for the potential difference is the same 
between each pair of neighbouring wires. A certain current strength flows through 
the lamp (about | ampere) and the transformation of the electrical energy into 
heat takes place at a corresponding rate. This rate can be judged by the bright¬ 
ness with which the lamp bums. Thus in the above case we obtain the result 
that the rate of evolution of heat is the same for all positions- 

* First established experimentally in 1841 by JoxnuB (see Vol. II, p. 29). 










Fig. I. —Varia¬ 
tion. of Joule lieat 
with the potential 
difference. 
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When now two or three lamps are bridged across the same pair of wires, they 
have no effect on each other, provided that the accumulators are so large that 
there is no pressure drop. The strength of the current through each of the lamps 
is the same as when only one lamp is present. Through the % lamps, therefore, 
the total current strength is n times as great as before. Observation shows that 
all the lamps bum with normal brightness, whence we deduce that the rate of 
evolution of heat is also % times as great as before. Therefore: 

At conMant potential difference the quantity of heat "developed m a gwe7i time 
is directly proportional to the current strength. 

We now place three lamps as in fig. 1, one across each of the pairs of neigh¬ 
bouring wires. The lamps light up with the same brightness as in the preceding 
experiments. We then break the connexions (shown dotted in fig. 1) of the 
terminal screw P 2 with the wire D 2 and the termi n al screw P 3 with the wire 
D 3 . The lamps bum with unchanged brightness. In the new circuit the current 
strength is the same as that in the first experiment with one lamp alone; but 
the pressure is now three times as great, since the cells 
are connected in series. The rate of evolution of heat 
is now three times as great as in the experiment with 
one lamp. Hence: 

At constant current strength the quantity of heat de¬ 
veloped in a given time is directly proportional to the 
potential difference. 

It is at once obvious that the quantity of heat 
developed is directly proportional to the time, for under 
given conditions the same quantity is developed every 
unit of time. 



Fig. 2.—Determination 
of the thermal equivalent 
of an electric current. 


Summarizing the experimental results we ob¬ 
tain the formula already given above: 

H= KUIzf. 


In this equation we still have to determine the 
constant factor K. Por this purpose we may suspend a spiral of thin nickel 
or constantan wire in a calorimeter, e.g. in a glass beaker containing water and 
standing upon pieces of cork within a second beaker (see fig. 2). The spiral is 
held by copper leads which pass up through glass tubes and are held in place 
with sealing-wax. 

We pass a current of known strength I and known potential difference U for 
a time t through the spiral. We observe the restiltant rise in temperature 0 of 
the calorimeter system (water, vessel, stirrer, thermometer), whose water equi¬ 
valent is m. The quantity of heat evolved is then H == m0. We now know all 
the quantities in the equation H == KTO except the constant K. 

In order to prevent errors due to radiation from the calorimeter system, it 
is best to start with water at a temperature somewhat below room temperature, 
and to let the current go on passing through the spiral until the temperature 
has risen as much above room temperature as it was originally below (Rumford’s 
method). The results of an actual experiment were as. follows: U = 76 volts; 
I =- 1-2 amperes; t = 523 sec.; m -= 1079 gm. of water; 0 = 10-6° 0. The 
value of K calculated from these figures is (1079.10-6)/(l*2.76.523) = 0*24 
cal. per volt-ampere-second. 

A:p. incandescent lamp may be used in place of the wire spiral, but then the 
fraction of the energy which appears as light and which may amount to a few 
hundredths must also be absorbed in the calorimeter. Ror this purpose the water 
must be made opaque or a metal pot must be used as calorimeter; otherwise, if 
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ligM escapes tlirough the transparent water and glass walls, the value obtained 
for K will be too small. 

In measuring a physical quantity care must always be taken to 
make sure that the observed quantity really represents the whole of 
what is to be measured. For example, the current flowing in a circuit 
may perform mechanical work as well as produce heat. In this case 
the observed quantity of heat evolved would fall short of the total 
energy by the amount which is used up in performing mechanical 
work. Conversely in determining the amount of mechanical work 
done by the current, allowance must be made for the fraction of the 
total energy which is transformed into heat (the so-called Joule heat). 

Accurate measurements have given the following result: 

The value of K (i.e. 1 international joule) is 0* * * § 3390 cal. per volt- 
ampere-second. 

This is the quantity of heat evolved during the passage of 1 coulomb 
through the potential difference 1 volt. By the first law of thermo¬ 
dynamics we can express this quantity of heat in mechanical units 
(Vol. II, p. 32). We then obtain the result that 1 volt-ampere-second 
(1 international joule) is equivalent to approximately 10^ ergs.*^' It 
follows also that 1 cal. = 4*184 volt-ampere-sec. 

Power of a Current.—The work performed per unit of time is 
called the 'power. The power of a current is therefore given by the 
product volts X amperes. From above we have: 

1 volt-ampere = 0-2390 cal./sec. == 1 international joule/sec. 

= 0-00134 horse-power == 1 international watt.f 

The international watt is defined as the power of 1 volt-ampere J. 
Hence: 

The power of an electric current is measured in watts, 1 watt 
being eaual to 1 volt-ampere. 

From the above ec^uation it follows that 1 horse-power (h.p.) is eq[ual to 746 
watts.§ A filament lamp of medium power requires about 60 watts, i.e. nearly 

h.p. Each such lamp therefore requires the supply of work at a rate of nearly 

h.p., which is about as fast as a man can work continuously. Remembering 
that this power is very small compared with that required in industrial processes, 
we realize the tremendous multiplicatioii of human power hy modem engineering. 

—^The attempt to obtain simple numerical correspondence between the 

* The electrically defined international joule (= 0*2390 cal.) is not exactly equal to 
10 ’ ergs (see Vol. II, p. 32); for 10’ ergs are equivalent to 0-23865 cal. (probable better 
value 0*2389). 

t Vol. I, p. 90. 

t Thus 1 international watt is not exactly equal to 10’ ergs per sec., which is called 
1 absolute watt. 

§ The British horse-power differs somewhat from the continental, which is equal 
to 736 watts (see Vol. I, p. 91). 
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units of electrical energy and power and the mechanical units is the historical 
reason for the remarkable powers of ten which occur in the practical definitions 
of the volt (p, 43) and the ampere (p. 165). As is clear from the footnote on p. 256, 
this attempt has not been quite successful. The numerical correspondence which 
has been sought after is actually not at all necessary. In the science of heat, for 
example, the calorie has been adopted as unit of energy and a factor is used in 
transforming calories into mechanical units. 

The following alternatives therefore present themselves: either, as in the 
case of the international agreement, the correspondence between electrical and 
mechanical uoits may be disregarded and the former fixed once and for all by 
legal definition; or the units may be altered in accordance with each new and 
more accurate determination of their values. There is no doubt that the first course, 
which was also adopted in fixing the metre as unit of length and the kilogram 
weight as unit of weight, is the more practical. In this book, therefore, we shall 
deal exclusively with the legal units in which all measuring instruments are 
calibrated (see § 14, p. 80, and § 7, p. 193). 

It follows from the above that the work performed by a current can 
also be measured in watt-seconds. As larger units use is made of the 
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Figs. 3, 4, and $,—Dependence of Joule beat upon current and pressure 


•watt-iiour = 3600 watt-seconds and tlie Mlowatt-lioiir = 1000 watt- 
liouis. The latter is also known as the Board of Trade (B.O.T.) unit. 

Alternative Forms of Joule’s Law.—With the help of Ohm’s law 
I = U/E we can express Joule’s law in the forms 

H=l2R!f and H = 

Here H is expressed in watt-seconds. From the first of these equations 
it follows that: 

The quantity of heat developed by a current flowing through a con- 
ductor of given resistance is directly proportional to the square of the 
current strength. 

For a given current strength the quantity of heat evolved is directly 
proportional to the resistance. 

From the second equation it follows that: 

The quantity of heal developed by a current flowing through, a con¬ 
ductor ^ of given resistance is directly proportional to the square of the 
potential difference between its ends. 

Fora given potential difference tJiB quantity of heed evolved is inversely 
proportional to the resistance of the conductor. 
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The circuits shown in figs. 3, 4, and 5 each consist of a hattery, a Tariahle 
resistance, an ammeter A, and the wire (represented by a wavy fine) in which 
the development of heat is to take place. The potential difference between the 
ends of the wire can be read off upon a voltmeter V. By adjusting the vari¬ 
able resistance, the current strength as indicated by the ammeter A is made to 
assume the value given in each figure just above A. The magnitudes of the 
resistances of the wires are also shown in the figure, and the potential difference 
between the ends of the wire is given in each case just to the right of Y. Let the 
quantities of heat developed in the three cases be H 2 , and Hg respectively. 

It is found that Hg “ because the resistance is the same in both cases 
but the current in the first is only half that in the second. The potential difference 
in the first case is also^ only half that in the second- Further Hg = 2Hi, because 
the current strength is the same in both cases but the resistance in fig. 5 is 
twice that in fig. 3. Also Hg = since the potential difference is the same 
in both cases but the resistances are in the ratio 2:1. 

Since the quantity of heat developed in a conductor is proportional 
to the square of the current strength or the square of the potential 
difference, it is independent of the sense of the current. 


3. Applications of Joule Heat 


Hot-wire Instruments. — The expansion of a wire produced by 
the heat generated in it by a current may be used to measure the 


current strength. The wire must 
be made of a material whose 
electrical resistance varies only 
slightly with the temperature 
and whose increase of length is 




' 

1 




Fig. 6.—^Principle of a hot¬ 
wire current-raeasuring in- 


Fig. 7.—^Hot-wire ammeter 
[Johnson and Phillips, Ltd., London] 


strument 


proportional to the rise of temperature. This rise of temperature 
also depends upon the temperature of the surroundings. If this 
is sufficiently constant and if the above conditions are fulfilled, 
then according to p. 256 the expansion is directly proportional to the 
square of the current strength. The expansion can be transmitted in 
various ways to a pointer: see, for example, figs. 6 and 7. The meas¬ 
uring range of an instrument of this type can be extended to any 
desired degree by the use of suitable shunts (p. 236). The accuracy 
obtainable is not very high, but these instruments possess the advan¬ 
tage that their indications are independent of the direation in which 

(E617) 
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the current passes through them. They are therefore suitable for 
measuring the strength of alternating currents. For reasons which 
cannot be discussed until later (Chapter XIV, p. 488), they are 
chiefly used nowadays in high-frequency work (flg. 31, p. 489). 
The sensitivity can be greatly increased by enclosing the wire in a 
high vacuum. 

The change of resistance of a wire with the rise of temperature 
produced by a current may also be used. A Wheatstone’s bridge 
method may be used and with suitable arrangement a very high 
sensitivity may be attained. 


Production of High Temperatures.—^The transformation of electrical energy 
into heat offers a convenient method of producing high temperatures. This 
is the principle underlying the action of electric furnaces and incandescent lamps. 
Electric lahoratory furnaces consist of a porcelain, tube around which is 

wound a spiral of thin platinum or iridium 
wire; for lower temperatures (up to 800° C.) 
wires made of nickel alloys may be used. 
As a protection against mechanical damage 
and more particularly against loss of heat 
by radiation, the tube is surrounded by an 




Fig. 8.—Laboratory electric furnace 


Fig. 9.—^Heating of a melt by resistance 


outer tube and the space between them is filled with magnesium oxide. The 
body which is to be heated is introduced into the porcelain tube in a crucible 
and the two ends of the wire spiral are connected to a source of current. Fig, 8 
shows a furnace of this type. 

Electric kettles work on the same principle. The actual kettle is surrounded 
by an insulated conductor, through which the current flows, and the whole is 
covered on the outside with a protecting casing. The conductor consists either 
of thin iron wires fused into an insulating and protective layer of enamel, or 
else of a film of platinum about 0*00025 mm. thick deposited upon mica by a 
special process. TMn strips of nickel alloys are also used. 

In electric resistance furnaces a coarse mixture of carborundum, graphite, 
and clay is placed between the metal electrodes, which are connected to the 
source of current. Because of the high resistance it offers, the mixture becomes 
very hot. Temperatures as high as 2000° 0. can be produced in furnaces of this 
type. 

In large-scale operations very wide use is also made of the Joule heat in 
molten electrolytes. Big. 9 shows a diagram of such an arrangement (see further 
p. 35V). 

Incandescent Eamps.—DAVY was the Jfirst to observe (1801) that a platinum 
wire may become so hot as to glow and send out light when an electric current 
is passed through it. The practical application of this discovery has required 
an extraordinary amount of work and ingenuity. The economic problem of the 
incandescent lamp, namely the problem of the rational production of light from 
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glowing bodies, cannot be treated qLuantitatively until Vol. V. At present it is 
sufficient to remark that the amount of light, i.e. the quantity of energy appear¬ 
ing as light, which can be obtained from I watt of electrical energy increases 
very rapidly with rise of temperature of the filament. It is necessary, therefore, 
to employ substances which can be raised to a very high temperature and which 
will stand this treatment for a long time without deterioration. The first practical 
filaments were made of carbon and were prepared by raising threads of cellulose 
to incandescence in absence of air. These filaments were enclosed in evacuated 
bulbs so as to prevent them from burning away.* In spite of the high melting- 
point of carbon (about 4200° C.), however, filaments of this substance can only 
be heated to a relatively low temperature (running temperature 1865° C.) owing 
to the fact that they disperse, blackening the walls of the containiug bulb, and 
finally break. Metals behave in this way to a very much smaller extent, and 
the further steps in the development of incandescent lamps have involved the 
use of metal filaments of ever higher and higher melting-points (osmium f, 
melting-point 2740° C., running temperature 1925° C.; tantalum, melting-point 
2930° C.; and finally, tungsten, melting-point 3390° C., running temperature 
2080° C.). The preparation of the fine filaments and their mounting in the small 
lamp bulbs presented technical problems of great difficulty. Two further advances 
(Langmuie, 1913) were the winding of the filament into narrow spirals whose 
length is only a tenth of that of the filament itseK, and the filling of the lamps 
wuth a chemically inert gas (nitrogen or argon) at about f atmospheric pressure. 
The pressure of this gas, which is approximately at atmospheric prc:.s.-'ir;e wlitri 
the lamp is alight owing to the rise of temperature, represses the disintegration 
of the filament to a very great extent, so that these lamps have a useful life of 
1000 hours or more. The winding of the filament into a spiral diminishes the 
conduction of heat aw^ay through the gas fiUing the bulb, a factor which reduced 
the efficiency of the earlier lamps to such an extent that they had to be very 
thoroughly evacuated. When a spiral filament is used the fractional loss by con¬ 
duction becomes so small (actually one-seventh when the length of the spiral 
is one-tenth of that of the actual filament) as to be of no special practical signi¬ 
ficance. Gas-filled lamps give a very white light whose spectral composition 
is similar to that of daylight. For a given size they far exceed in brilliance all 
earlier types of incandescent lamps. They are made for E.M.F.s from a few volts 
up to 260 volts and for intensities (see Vol. IV) from a few candle-power up 
to 60,000 candle-power. 

The temperature of the tungsten spiral in a gas-filled lamp is about 2625° C. 
The larger lamps require about 0*5 watt per candle-power (see Vol. IV); for this 
reason they are often referred to as half-watt lamps. 

Nernst Filament. —The Nemst incandescent lamp, nowadays only occasion- 

* The inventor of the carbon filament lamp is the Hanoverian teacher Heixeich 
Goebel, who emigrated to Hew York; he made carbon filament lamps as early as 
1855, and used them to light his watch-maker’s workshop. The first lamps suitable 
for practical use were made by Emson (born 1844) in 1879- He was the first to pre¬ 
pare the carbon filaments by carbonization of bamboo threads. To him is due also 
the Edison cap, by means of which the lamp can be inserted conveniently and with 
certainty into the electric circuit by being screwed into a bolder, Emsox was the first 
to connect up a number of lamps in parallel in the same circuit, so that each could be 
lit independently of the others. 

f The osmium lamp was invented in 1898 by Axjer vox Welsbach (born 1858 at 
Vienna, died 1929), the inventor of the incandescent gas mantle and of the cereis&n 
lighter. The first osmium lamps were only designed for low E.M.F.s. Then by using 
osmium mixed with other substances, especially with tungsten, metal filaments, suit¬ 
able for use at higher E.M.F.s, were subsequently obtained. Atjee chose osmium 
because according to the contemporary data it appeared to be the metal with the 
highest melting-point. 
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ally used for scientific purposes, employs as carrier of the current a small rod 
made of a mixture of zireonium oxide with oxides of rare earth metals (Nernst, 
1900). This material conducts electrolytieally and is made to glow in the air. 
Since the resistance at room temperature is too great, the rod must first be warmed 
up. On account of the large negative temperature coefficient (a common property 
of all electrol 5 d:es) a resistance must he connected in series with the lamp, other¬ 
wise the rod, having once been made sufficiently conducting, would become 
hotter and hotter, would continue to conduct better and better, and would finally 
burn through. Concerning other light sources see VoL V. 

Safety Fuses.—In deciding the cross-section for a conducting wire a certain 
normal current load is taken as a basis. It may subsequently happen, however, 
that for some unforeseen reason (e.g. short-circuit, i.e. direct contact of the wires 
from the opposite poles of the battery) the current strength may rise far above 



[Siemens Electric Lamps and Supplies, Ltd., London] 


the normal. It is necessary, therefore, to have some automatic device to prevent 
the disadvantageous consequences (e.g. heating of the wires) of such a rise of 
current. ^ Eor this purpose safety fuses are often used. At some convenient point 
of the circuit a thinner piece of wire is included; rise of current strength then 
causes this to melt. Formerly a wire of lead or a strip of tinfoil was generally 
used. Nowadays a thin wire of copper or silver is employed. This is totally 
enclosed m a porcelain casing, so as to prevent danger of causing fire by the 
molten.pieces of metal and the metal vapour which are formed when the fuse 
bums through. Fig. 10 shows a practical form of enclosed, screw-in fuse unit 
of the t;p>e known as the “ Zed ’’ safety fuse. The two fusible wires are completely 
enclosed within the porcelain casing. In parallel with them (in the middle of the 
casmg) is connected a very thin, short wire carrying on a spiral spring a small 
coloured disc which is visible from outside in a depression of the casing. This 
iMtcating wire melts without any danger directly after the actual fuse wires, 
mwadays electromagnetic cut-out switches are frequently used in place of fuses. 
m these devices an increase of current strength automatically opens a switch 
by means of an electromagnet, thus breaking the circuit. 
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Fig. ir.—Demonstration of 
thermoelectric effect 


4. Thermoelectricity and Peltier Effect 

Thermoelectricity. — If a conducting circuit be made of two 
different metals and if one of the junctions be heated, an electric 
current flows in the circuit. The presence of the current may be de¬ 
monstrated, for example, by the deflection of a magnetic needle. 
Fig. 11 shows a suitaWe form of apparatus. In the circuit depicted 
in the figure the negative current (i.e. the current of electrons) flows 
from the antimony to the copper across the heated junction. Thus 
in conseq[uence of the difference of temperature between the jimctions 
there is an electromotive force, the ther¬ 
moelectric E.M.F. The magnitude of this 
E.M.F. is not affected by the presence of 
other conductors in the circuit, provided 
that all their junctions are kept at the 
same temperature. Hence the current flow¬ 
ing in the circuit may be measured by an 
ammeter. A pair of metals which give a 
current when one of their junctions is heated is called a thermo-couple. 
If both of the junctions are heated to the same temperature, no 
current is produced. Within a wide temperature range the current 
strength and hence also the thermoelectric E.M.F. increase as the 
temperature dijference between the junctions is increased. 

For small temperature differences and when the temperature of 
the one junction is kept constant, the E.M.F. produced in a thermo¬ 
couple is directly proportional to the temperature difference between 
its junctions. For more extended temperature ranges the thermo¬ 
electric E.M.F. is given with sufficient accuracy by a quadratic equation 
of the form E = a + 60 + where 0 is the temperature difference 
and Of, 6, and c are constants. 

On the basis of their thermoelectric behaviour the metals may be 
arranged in a so-called thermoelectric series, viz.: 

+ Selenium (850),- antimony (100), icon (8S), brass (76), tin (73), 
copper (72), silver (72), platiaum with 10% rhodium (71), gold (71), 
zinc (71), lead (69), mercury (65), platinum (65), nickel (51), constantan 
(30), bismuth (0) —. 


The order of the metals in the thermoelectric series is not quite certain: small 
quantities of foreign substances often considerably alter the position of a metal 
in the series. 

The thermoelectric behaviour of an alloy depends very largely upon the pro¬ 
portions of its constituents. The alloy constantan, which lies between nickel 
and bismuth in the thermoelectric series, is often used for thermo-couples. 


In the case of a thermo-couple made of two of the metals of the 
thermoelectric series the metal coming first in the series becomes 
positive at the heated junction. The magnitude of the thermoelectric 
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E.M.F. is greater, the farther the two metals are apart in the series. 
For a temperature difference of I'' C. the E.M.F. expressed in micro¬ 
volts (1 microvolt = 10“^ volt) is approximately equal to the difference 
of the respective numbers given in brackets above 
after the names of the metals. In comparison with 
the electromotive forces of galvanic cells, therefore, 
thermoelectric E.M.F.s are very small. 

In order to obtain a total thermoelectric E.M.F. 
_ of 1 volt by connecting thermo-couples of bismuth 

menTo/ciuplS^ilf^a and antimony in series, we should have to use 100 
thermopile. elements for a temperature difference of 100° C. 

between the junctions. 

The E.M.F. of a thermo-couple is only proportional to the temperature 
difference within narrow limits. It depends not only upon the temperature 
difference hut also upon the actual temperature. Thus when the one junction 
is at 0° C, and the other at 10® C., the thermoelectric E.M.F. is in most eases 
not the same as when the one junction is at 100° C. and the other at 110° C. 
Consider, for example, the behaviour of a thermo-couple made of a piece 
of iron wire and a piece of copper vdre soldered together with hard solder 
at one end, the other ends bemg connected to the terminals of a galvano¬ 
meter. When the soldered junction is heated, the galvanometer indicates 
a current, the direction of which is from copper to iron across the heated 
junction. At first the current strength increases in proportion to the rise of 
temperature; hut as the soldered junction is heated further, 
the current strength falls off again, reaching the value zero 
when the temperature of the hot junction is 276° C. (The 
other junctions are supposed to be kept at 0° C.) If the 
temperature of the hot junction be raised still more, the 
current is reversed. Most thermo-couples show a similar 
behaviour. The point at which the reversal of the current 
direction occurs is called the neutral point of the couple. 

Tkemiopiles .—^Tbe coimexion of a number of 
thermo-couples in series to form a thermopile is 
Fig. 13.— Thermopile showu diagrammaticaUy in fig. 12. The junctions 
of the small metal rods lie alternately to the one side 
and to the other, so that all the odd junctions lie to the right and all 
the even junctions to the left of the group. The small rods are held 
together in a common casing (fig. 13), from the opposite sides of 
which project the alternate junctions. The casing carries two binding 
screws connected to the free ends of the outermost rods. 

Although the thermoelectric E.M.F.s are very small, very strong 
events can be produced provided that the resistance of the whole 
circuit is kept small. In a circuit consisting of a copper rod 10 cm. 
long and a nickel rod 4 cm. long, each of the rods having a cross- 
sectional area of 1 cm.^, a temperature difference of only 200° C. will 
produce a current of about 10 amperes. 

Concerning the views as to the fundamental processes involved 
in the thermoelectric effect, see p. 366. 
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Application of Thermo-couples —The chief application of thermo¬ 
couples is for the measurement of temperatures *. Long wires are 
soldered or welded together at one end and this junction is placed at 
the point where the temperature is to he measured. The wires lead 
to a region of constant temperature (either room temperature or for 
more accurate purposes 0° C. obtained by the use of melting ice) and 
from there to the measuring instrument (fig. 14). With this arrange¬ 
ment the circuit almost always consists of three conductors, say M, 
N, and K. If the temperature of the one junction MN (i.e. the tem¬ 
perature to be measured) is and that of the other two NK and 
KM is (e.g. room temperature), then the thermoelectric E.M.F. of 
the circuit is the same as if there were only one junction NM at the 
temperature 9^ instead of the two junctions NK and KM. 



Fig. 14.—Measurement of temperature Fig. 15.—Rubens 

with a thermo-couple thermopile 


For temperatures below 0° C. and up to +500° C. tliermo-couples 
of copper-constantan or iron-constantan are generally used. For 
higher temperatures the noble metals are employed. A couple of 
platinum and platinum-rhodium (alloy with 10 per cent rhodium) is 
suitable for temperatures up to 1600° C.; up to 2000° C. iridium and 
iridium-rhodium may be used. The one wire is electrically insulated 
from the other by means of a tube of unglazed porcelain or quartz 
slipped over it, and the whole couple is protected from flame-gases, 
&c., by a surrounding jacket of glazed porcelain. The current corre¬ 
sponding to the temperature difference between the junctions is read 
off upon a sensitive galvanometer, which for practical purposes is 
usually fitted with a scale upon which the temperature can be read 
off directly. 

Linear Thermopiles .—In order to measure the energy of spectrum 
lines in different regions of the spectrum (see Vol. IV), the alternate 
junctions are arranged one above the other in a straight line (linear 
thermopile). 

* Xhernioiiioters for higli tomporatures are sometuxies called From 

(3-r. pyr, fire* 
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!Fig. 15 gives a diagram of such a thermopile, in which thin (1 mm. diameter) 
iron and eonstantan wires are so arranged that 20 alternate junctions lie directly 
above one another. The diagram is f natural size. The thermopile is shielded 
from stray radiation by means of a metal casing, which covers it on all sides 
except that from which the rays under investigation are to be received. On this 
side is placed a metal funnel, opening outwards. This type of thermopile is par¬ 
ticularly suitable for radiation measurements on account of its very small heat 
capacity. Occasionally a thermopile is used as a source of current. 

The sensitivity can be very mnch increased by making the mass 
of the thermo-couples as small as possible and enclosing them in a 
high vacuum to prevent losses of heat by convection and conduction 
in the air. 

Fig. 16 shows a vacuum thermo-couple consisting of strips of eonstantan 
and manganin 0*001 mm. thick, 0*1 mm. wide and 2 mm. long soldered on to 
thick nickel leads within a highly evacuated glass bulb. The time taken to assume 
constancy is about sec. The resistance is about 10 ohms. 

A supply of heat at the rate of 5.10"® cal. per second 
produces a thermoelectric E.M.F. of 1.10"® volt. On 
account of their smallness, thermo-couples of this kind are 
chiefly used for the measurement of the absolute intensities 
of spectrum lines. 

Their very small 
mass and their con- 
seqiuent very small 
heat capacity make p. ^ --Thermo 

Fig. 16.-M0II vacuum thermo-couple thermO-COUpleS par- galvanomSer°“ 

ticularly suitable for 

measuring the changes of temperature of small bodies; for these 
changes are not seriously affected by the measurement. Thermo¬ 
couples are therefore used, for example, for the investigation of 
the temperature variations in small insects, living cells, &c. 

Thermo-Galvanometer. — It is possible to construct a hot-wire 
current-measuriug instrument in which the thermal expansion is not 
used (p. 257) to actuate the pointer, but in which instead the rise of 
temperature of the wire is measured directly by means of a thermo¬ 
couple. To the leads M and FT (fig. 17) are soldered two wires of 
different materials (e.g. iron and eonstantan). These wires are then 
crossed and soldered or welded together. The free ends are connected 
to the terminals of a sensitive galvanometer to indicate the thermo¬ 
electric current. This arrangement is chiefly used for measuring very 
weak alternating currents. 

Peltier Effect —This is the reverse of the thermoelectric effect 
considered above. When an electric current is passed through a thermo¬ 
couple consisting of rods of bismuth and antimony soldered together, 
the temperature of the junction rises when the negative current flows 

* learned after Peltiee (1785-1845), who first observed it in 1834. 
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across it from bismuti. to antimony, and falls wken the negative 
current flows across it from antimony to bismuth. The change of 
temperature is thus always in the sense which tends to produce a 
thermoelectric current opposite to the current which is sent through 
the junction. 


The Peltier effect can be demonstrated with, an air thermoscope. The arrange¬ 
ment is shown in fig. 18. Each of the two bulbs of the air thermoscope contains 
a thermo-couple. The two thermo-couples are connected together in such a way 
that the current from the battery flows in one of them from the antimony to the 
bismuth and in the other from the bismuth to the antimony across the junction. 
With this arrangement the fall of temperature in the one thermo-couple and the 
rise in temperature in the other both act in the same sense upon the thermo¬ 
scope, whereas the Joule heat is the same on both sides and therefore has no 
effect. 



Thomson Effect.—^As was shown by W. Thomson" (Loed Kelvin) 
there is a thermoelectric E.M.F. not only between different metals 
but also between pieces of the same metal at different temperatures. 

When an electric current is passed through a wire in which there is 
a temperature gradient, a kind of Peltier effect occurs between the 
regions of different temperature. The total quantity of heat evolved 
by the current is therefore greater when the flow is in one sense than 
when it is in the reverse sense. 

This can be shown very well with the help of the apparatus sho'^vm in fig. 
19. A U-shaped platinum wire dips partially iuto cold water or mercury. A. 
current is passed through it so that the parts not under the liquid become in¬ 
candescent. Above the liquid surface there is then a rapid fall of temperature. 
It is observed that the hmb of the wire in which the current filows from the region 
of higher to the region of lower temperature glows considerably brighter just 
above the Hquid surface than does the other limb. Reversal of the current sense 
reverses the brightnesses of the two limbs. 

In the case of lead the Thomson effect is vamshingly small. This- 
metal is therefore often chosen as comparison substance in tables. (For 
further discussion of the Peltier and Thomson effects, see Appendix,} 






CHAPTEE VIII 


The Mechanism of Electrical Conduction 

1. The Dissociation of Electrolytes in Solution. 

As has already been explained in § 1, p. 144, the passage of a current 
through a solution of an electrolyte is accompanied by chemical effects. 
The experiment described on p. 140 shows that it is the solute which 
is principally effective in transporting the current. The relations 
between quantity of substance liberated and quantity of charge 
transported (i.e. Faraday’s laws of electrolysis) make it very probable ’ 
that not only the liberation of the charges at the electrodes but also 
the transport of the electricity through the liquid is in some way asso¬ 
ciated with a transport of matter, i.e. of the electrically charged atoms 
or groups of atoms (the ions, p. 158). It can be shown that the ions 
of the dissolved electrolyte do. indeed migrate when 
a current is passed through the solution. 

Experiment—Tins migration of the material constituents 
of the liquid during the passage of an electric current can be 
demonstrated very elegantly as follows (experiment due to 
Xeexst). The funnel tube of the apparatus shown in fig. 1 
is filled with an aqueous solution of potassium permanganate 
(Ki\Iii 04 ) (about ^ gm. per litre) whose specific gravity has 
been somewhat increased by the addition of 5 gm. of urea 
per 100 cm.® of the solution. The tap is then opened 
cautiously and the solution allowed to rise in the left-hand 
side of the apparatus imtil it just reaches the lower part of 
the TJ-tube. The U-tube is then partially filled with an 
aqueous solution of potassium nitrate (about 0*3 gm. per 
litre) and the permanganate solution is allowed to rise up the 
U-tube so as to form a sharp liquid junction in both limbs 
(see figure). A current of about 0-3 to 04 ampere is now 
passed between the two platinum electrodes dipping in the 
two parts of the potassium nitrate solution. The level of 
permanganate solution is seen to rise in the anode limb 
tioa ofcathode limb. Thus the Tiolet-coloured con- 
of ions (after Nemst). of the soIutioE migrates in the direction of the 

negative current. More detailed investigation proves this 
constituent to be the negative MnO/ ions. 

3 x 1 order to demonstrate the migration of ions of ioth signs, the lower part 
of the U-tube is filled with a mixture of equal volumes of |-nomal solutions of 
copper sulphate (CUSO 4 ) and potassium dichromate the specific gravity 

206 
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of wliich. lias been somewhat increased by the addition of urea. Above this is 
placed in the two limbs of the XJ-tube a dilute solution of sulphuric acid or of 
potassium sulphate. When a current is passed between platinum electrodes 
dipping in the upper layers, the blue cupric ions are presently seen to rise in the 
cathode limb and the deep yellow dichromate ions in the anode limb. 

We will now consider the questions of the formation of charged 
ions in solution and of the detailed nature of the transport of elec¬ 
tricity through electrolytes. 

Historical. —^It was originally thought that the electric current caused the 
separation of the electrolyte into its ions, the molecules being as it were tom 
into pieces by the electric field."^ 

The experimental results of Gmelut (1838) and Pouillet (1845), according 
to which the decoloration of a solution of an electrolyte like copper sulphate 
takes place principally at the cathode and not uniformly throughout the whole 
liquid (p. 272), presented the first difficulties in the explanation of the phenomena 
of electrolysis by means of Grotthus’s theory (see footnote). 

Moreover this theory leads to the conclusion that the greatest resistance to 
the passage of a current would be offered by those electrolytes whose molecules 
are composed of atoms held together with the greatest chemical forces. As a 
matter of fact, however, this is not the case. Experiment shows, for example, 
that an aqueous solution of potassium chloride, in which compound the chemical 
linkage between the atoms is a very strong one, has a much higher conductivity 
than a solution of mercuric chloride, although in the latter compound the atoms 
are held together by relatively weak.forces. Particularly significant also is the 
fact (Btjee, 1853) that under suitable experimental conditions very small applied 
potential differences, i.e. very small field strengths, suffice to bring about elec¬ 
trolysis with complete obedience to Faraday’s laws. This indicates that no 
special force is required to decompose the molecules into ions. 

It must therefore be assumed that free ions are present in every 
solution of an electrolyte. This conclusion was first drawn by Clausius 
(1857).t 

* Grotthus (1805) was the first to put forward a complete theory of electroh^sis. 
Ho assumed the different parts of the electrol 3 rfce molecule to be associated with equal 
quantities of opposite charges. In the case of the KOI molecule, for example, he sup¬ 
posed the K-atom to be charged with + Q and the Cl-atom with - Q. According to 
the theory, when an electric field is applied between two- platinum electrodes dipping 
in a KCl solution, the molecules aU become orientated with their positively charged 
K-side towards the negative electrode and the negatively charged Cl-side towards 
the positive electrode. AH the molecules are then pulled into halves. At each of the 
electrodes an atom of the opposite sign is deposited and the remaining charged atoms 
in the space between combine again in neighbouring pairs to form molecules. These 
newly formed molecules are then turned through 180° by tbe electric field, and once 
more torn into halves. This process is repeated continually, one atom being deposited 
at each electrode for every repetition. The characteristic feature of Grotthus’s theory 
is the continual alternate decomposition and rebuilding of the molecules. The theory 
was generally accepted until the middle of last century. It was adopted and extended 
by various workers, amongst them being Berzelius and Faraday. 

f Clausius made the assumption that the molecules of the solute split up during 
the process of solution. Thereafter he supposed them to be in a state of continual 
dissociation and recombination. The electric current acts only upon the dissociate 
molecules, the oppositely charged dissociation products (the ions) being driven in 
opposite directions by the applied electric field. 
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Theory of Arrhenius.—still remains to be determined what 
fraction of the electrolyte is dissociated into ions, i.e. ionized in solution. 
The solution of this problem was obtained by consideration of the 
anomalous behaviour of electrolytically conducting solutions with 
regard to the depression of the freezing-point and the elevation of the 
boiling-point of the solvent (Aurhenius, 1887).* 

It had been shown (VoL II, p. 63) that the gas laws can be applied 
to calculate the osmotic pressure of dilute solutions (Vajst’t Hoef, 
1887), the osmotic pressure w taking the place of the gas pressui’e. If 
c be the number of gramme-molecules of the solute per litre (i.e. 1/c 
the gramme-molecular volume), then in analogy to the gas equation 
RT we have 'rrlc= RT (see Vol. II, pp. 14 and 63), where R 
is the gas constant and T the absolute temperature. Accordingly it 
is to be expected that dilute aqueous solutions of different substances 
but of the same molecular concentration will all have the same osmotic 
pressure and also (Vol. II, pp. 70 and 79) the same depression of the 
freezing-point and elevation of the boiling-point. 

This is indeed foimd to be true for many solutes, namely for all 
those whose solutions do not conduct an electric current (see the example 
given in Vol. II, p. 63). The aqueous solutions of electrolytes, on the 
contrary, give considerably higher values of the osmotic pressure, 
depression of the freezing-point and elevation of the boiling-point. 
Electrolyte solutions thus behave as if they contained more molecules 
than would correspond to the molecular concentration reckoned in 
accordance with the chemical formula of the solute. AmtHEisrixJS 
interpreted these anomalies as due to a dissociation of the dissolved 
electrolyte into ions, and made the assumption that these ions behave 
in solution like independent molecules. In the case of an electrol 5 rfce 
which is completely dissociated, the molecular concentration will 
appear to be multiplied by the number of ions into which each mole¬ 
cule dissociates. This is actually found to be the case for a large number 
of substances in dilute solution. The values for potassium chloride, 
for example, are twice as great as would otherwise be expected; and 
the same is true for many other salts of the same type. We must con¬ 
clude, therefore, that salts are completely dissociated into anions and 
cations in dilute solution. 

Great importance attaches to the effects oimriation of concentratio7i. 
As we pass to more concentrated solutions we find deviations which 
may be interpreted as being due to the fact that only a fraction of 
the molecules are dissociated. The ratio of the number of dissociated 
molecules in a solution to the total number if none were dissociated is 
called the degree of dissociation or degree of ionization of the electrol 3 rte. 
From what has been said it follows, therefore, that the degree of 

* SvAHTE August Arehenius, bom ia 1859 at Wijk near Upsala, died in 1927. 
He receired the Kobe! prize in 1903. 
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•dissociation is dependent upon the concentration of tLe solution: 
it increases as the concentration is decreased. At very low concen¬ 
trations the degree of dissociation may be put equal to imity; the whole 
of the solute is then present in the form of ions. 

According to Arrhenius there is an equilibrium in the solution 
between ions and undissociated molecules, e.g. K’ + Cl' ^ KOI. With 
increasing dilution the equilibrium is displaced towards the left, i.e. 
in favour of the ions, until at infinite dilution the dissociation becomes 
complete. 

Hence if oc is the degree of dissociation and i the ratio, for example, of the 
observed to the normal depression of the freezing-point, we have: 

i— 1 

a =- 

n-~ \ 

where n is the number of ions into which each molecule dissociates. (For KCl, 
for example, n = 2, namely K* and OF.) In the case in which n ~ 2 (i.e. the 
solute molecule may split up into 2 ions) and i ~ 2 (i.e. the observed freezing- 
point depression is twice that which would normally be expected), we obtain 
a = 1. The dissociation is therefore complete. If, on the other hand, i were 
equal to 1 (i.e. if the freezing-point depression were normal), we should have 
a = 0. This would mean that the solution contained no ions, the solute being 
completely undissociated. In this case there would be practically no electrical 
conductivity on account of the absence of material carriers of charge. 

One of the strongest supports for the views of Arrhenius is the 
variation of the equivalent conductivity (p. 250) with change of con¬ 
centration. It is obvious that, other things being equal, the greater 
the number of ions, the greater also the conductivity. Thus the greater 
the degree of dissociation, the greater the conductivity for a given 
quantity of solute (§ 8, p. 248). This is exactly what had been shown 
by Kohlrausch to occur with increasing dilution (see fig. 43, p. 251, 
and the imagined experiment of p. 250). The limiting value (p. 
251) is reached when all the molecules are dissociated, i.e. when the 
degree of dissociation a becomes equal to unity. When a < 1, the 
observed equivalent conductivity A is only the fraction a of the limiting 
value, i.e. 

A — <xA^. 

This formula is important in that it offers a way of calculating the 
degree of dissociation from the observed values of A and A^. The 
value of A^ can be obtained, for example, by extrapolation of the curve 
(fig. 43, p. 251) representing A as a function of concentration, or from 
other data (e.g. see p. 275). 

Thorough experimental investigation has shown that the theory of 
Arrhenius cannot be maintained in the form given above. The main 
difi&culties in the theory are as follows. The variation of the degree of 
electrolytic dissociation with concentration is calculated in analogy 
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with the chemical decomposition of neutral molecules (Law of Mass 
Action). The results so obtained are in agreement with experiment 
in the case of weakly dissociated electrol 3 rfces (so-called weak elec¬ 
trolytes), hut completely at variance with experiment in the case of 
strongly dissociated (so-called strong) electrolytes. Secondly, it is 
found that the degree of dissociation calculated from the depression 
of the freezing-point or the elevation of the boiling-point is by no 
means always the same as that obtained from conductivity measure¬ 
ments. Moreover, the increase of solubility of slightly soluble salts 
by the addition of salts with a common ion cannot be explained by 
Arrhenius’s theory. The conclusion is, therefore, that the theory of 
Arrhenius is in harmony with observation in the case of weak elec- 
troljiies, but that it fails to account for the behaviour of strong elec- 
troljrfces. 

The observed facts can be explained by assuming strong electrolytes 
to be completely dissociated, at all concentrations (Sutherland and 
Bjerrum). On account of the electrostatic forces between them the 
oppositely charged ions are not completely free to move. It is this 
mutual influence (interionic forces) which causes the variation of the 
equivalent conductivity or of the freezing-point depression, &c., with 
change of concentration. The quantitative treatment of the problem, 
which cannot be discussed further here, has been supplied chiefly by 
Debye and Huckel. It gives an explanation of the differences be¬ 
tween the degrees of dissociation ” obtained from conductivity 
measurements and freezing-point depression determinations, and 
allows of the calculation of values which are in agreement with obser¬ 
vation over a considerable range (see further p. 277). 

2. Migration of Ions. Transport Numbers 

Migration of Ions.—In accordance with what has been said above, 
we have to assume that there is an approximately uniform distribution 
of positive and negative ions throughout a solution of an electrolyte. 
The apphcation of a potential difference between two electrodes, the 
anode A and the cathode K, dipping into the solution will cause the 
ions to be set into motion. 

The current may consist either of the motion of positive electricity 
from A to K, or of the motion of negative electricity from K to A, or 
of both of these processes simultaneously. Suppose, for example, that 
the quantity of positive electricity -f-Qi flows from A to K in unit 
time and that the quantity of negative electricity — Qg flows in the 
same time from K to A, The total current strength, reckoned as 
positive from A to K, is then equal to -f- Qg. In solutions of elec¬ 
trolytes both the positively charged and also the negatively charged 
ions take part simultaneously in the transport of the electricity. 
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Let us consider the processes in detail "witli the help of fig. 2 (after Hittoef, 
1853). Let the ■vessel eontaining the electrolyte solution be bounded by the 
electrodes K and A and also divided as shoTm. into three compartments by means 
of permeable partitions. The cations of the electrol 3 d:e (e.g. in the case of HGl 
the hydrogen ions H‘) are represented (within a circle) by -f-, the anions (e.g. 
Ch) by —, and the deposited atoms or discharged ions by a plain circle. At the 
top of the figure (a) is shown the state of affairs before the potential difference 
®'PpBed. Next below this (6) is shown the case in which both the anions and 
the cations migrate with the same velocity. After four ions have given up their 
charges at each electrode, the number of anions which has passed from left to 
right through the partitions is the same as the number of cations which has 
passed through in the opposite direction. Hence, as is seen from the figure at 
(6), the concentration has remained constant in the central compartment and 
has decreased by the same amount (namely to 0-6 of its original value) in each 



of the electrode compartments. At (c) is sho-v^m the case in which only the 
anion migrates. Consider again the moment at which four anions have become 
discharged at the anode and have either been hberated there in solid or gaseous 
form or have entered into secondary reactions liberating other products. This 
discharge of negative ions at the anode tends to make the liquid corre¬ 
spondingly positive; but since the liquid is in conducting connexion with the 
cathode, this tendency is at once suppressed by the supply of four negative 
charges (electrons) from the cathode. These negative charges neutralize four 
cations in the immediate neighbourhood of the cathode. (It is assumed that 
the liquid in the electrode compartments is sufficiently mixed by stirring or 
diffusion, so that there are always enough ions in the immediate neighbour¬ 
hood of the electrodes.) The neutralized cations are either deposited in the 
solid or gaseous form or undergo secondary reaction (e.g. Na). Since now by 
assumption the cations have not migrated, there must be a fall of concentration 
of the electroljdie in the cathode compartment. We see that as the electrolysis 
is continued the electrolyte eventually migrates completely out of the left-hand 
part of the vessel. This causes such a dearth of ions near the cathode that the 
electrolysis is automatically brought to a standstill. The lowest section (d) of 
fig. 2 represents the case in which the velocity of migration of the anion is 
twice that of the cation. Here the concentration of the electrolyte is decreased 
near both electrodes but remains constant in the central compartment. 





■272 MECHANISM OF ELECTRICAL CONDUCTION 

TLese considerations skow that the concentration changes near 
the electrodes are connected with the migration velocities of the ions. 
If the fall of concentration at the anode is and that at the cathode 
then obviously : Djs = u:v^ where u and v are the noigration 
velocities of the cations and anions respectively. In the three cases 
(6), (c) and (d) of fig. 2 we have respectively D^/D;, = ujv = 1, 0, 

and'|. ' ■ ^ 

Hittorf ^ was the first to recognize the important part played by 
ionic migration in electrolysis. His classical researches (1853—59) 
were carried out with the apparatus shown in fig. 3. The vessel 
containing the electroljrte solution was made in several separate parts 



Fig. 3.—Hittorf’s apparatus 
for the investigation of the 
changes of concentration due Fig. 4.—^Determination of changes of concentration due 

to electrolysis. to electrolysis 

A, B, C, D, and E, each of which was closed below with parchment 
paper and fitted on to the next as shown. In agreement with the 
result of the above considerations Hittorf found that the concen¬ 
tration of the electrolyte remained constant in the central layers, but 
that there were changes of concentration in the electrode compart¬ 
ments A and E. 

Fig. 4 depicts a simplified apparatiis consisting of a tube bent several times 
as shown and provided with glass side tubes at the upper and lower bends. 
The upper side tubes are open; the lower ones carry pieces of rubber tubing 
closed with clips. The ends of the tube are somewhat wider, so as to admit plati¬ 
num electrodes. An ammeter to register the current strength is included in the 
circuit. The whole of the glass apparatus is filled with normal sulphuric acid 
solution. On account of the high resistance a potential difference of say 110 
volts should he used. When the current is switched on, hydrogen is evolved at 
the cathode and oxygen at the anode, i,e. the hydrogen ions migrate to the cathode 

* J OH. WiLH. Hittoef, bom in 1824 at Bonn, from 1862 onwards Professor of 
Physics at the Academy (subsequently University) of Minister, died in 1914. 
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and are discliarged and liberated there, while SO/ (or HSO 4 O migrates to the 
anode and is discharged there, liberating an equivalent quantity of oxygen from 
the water in accordance with the equation: 

SO 4 + H 2 O 2 H* + SO/ + 0 or H* + HSO/ + 0. 

The result of this chemical reaction is an increase in the sulphuric acid con¬ 
centration at the anode. This increase can be measured by titration. 

The results of an actual experiment were as follows: A current of 0*05 ampere 
was passed through the apparatus for 10 hours. The central U-section of the 
tube was then emptied into the corresponding vessel (see figure). In this way 
the anode and cathode liquids were completely separated. The other sections of 
the tube were then emptied into the respective vessels and an exactly equal 
volume of normal caustic soda solution added to each. Addition of a small amount 
of litmus showed that the middle three portions of the liquid were neutral, but 
that the anode liquid was acid and the cathode liquid alkaline. The anode liquid 
actually required 4T4 cm.® of normal caustic soda, the cathode liquid 4*14 cm.® 
of normal sulphuric acid, to effect neutralization. 

A current of 0-05 ampere flowing for 10 hours, i.e. a quantity of electricity 
equal to 0-5 ampere-hours, hberates 0-5.37-29 = 18-65 milligramme-equivalents 
(p. 157). If the whole current had been due to the migration of SO/ anions to 
the cathode, an addition of 18-65 cm.® of normal solution would have been required 
for neutralization. The quantity actually required, viz. 4*14 cm.® of noirnal 
solution, is only f of this. Hence only f of the current can have been due to 
the migration of SO/ ions. The remaining ^ must have been borne by the migra¬ 
tion of the H' ions in the opposite sense. 

Transport Numbers.—The above result may be expressed as follows: 
During the deposition of one equivalent at the cathode the quantity 
of cations in the cathode compartment does not also decrease by one 
equivalent, but by v equivalents (where v < 1), because cations 
simultaneously migrate into this compartment. The number of equi¬ 
valents of cations entering the cathode compartment during the time 
that V equivalents of anions are leaving this compartment is 1—v. 
Hence of the electricity passiug through the central portion of the 
vessel (e.g. through the partition D^ in fig. 2, p. 271), the fraction v 
is borne by the anions towards the anode and the fraction 1—v by the 
cations towards the cathode. But these fractions are proportional to 
the velocities of migration of the respective ions, i.e. 

u 1 — V 


The number v, i.e. the fraction of the current borne by the anions, 
was named by Hittort the transport number of the anion. The trans¬ 
port number of the cation is therefore 1 — v. 

Table VII (p. 274) contains a few transport numbers for /^-normal 
solutions. The values for compounds giving rise to OH' and H’ differ 
very markedly from 0*5. This indicates, for example, that OH' migrates 
faster than Na* and that the velocity of migration of H‘ is about six 
times greater than that of Cl'. 

(E617> 
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The transport numbers for solid electrolytes are remarkable in that the 
value for one of the ions is in many cases equal to unity (Tubandt). 
The conductivity is then due to the cations alone or the anions 
alone. This is a realization of the case (c) of fig. 2, p. 271. In AgCl, 


TABLE Vn 

Teansport Numbees oe Amons IK 
-fij-NoEMAu Aqueous Solution 


KOI, 

0-506 

LiCl, 

0-687 

NaCl, 

0-607 

KNO 3 , 

0-497 

KOH, 

0-735 

HCl, 

0-164 

NaOH, 

0-82 


0-185 


AgBr^ NaF, and NaCI only the cations can move; in BaClg, BaBrg^ 
PbFa, and PbCIg only the anions. In these cases, however, the trans¬ 
port numbers vary considerably with the temperature. Thus at lower 
temperatures PbCl 2 exhibits anion conductivity, but at higher tem¬ 
peratures the conductivity is chiefly due to the cations. 

3. Conditions for the Validity of Ohm’s Law 

The considerations of the preceding section enable us to obtain a 
deeper insight into the relation between current strength and the 
potential dSerence and resistance in the case of an electrolyte. 

Consider a liquid column s cm. in length enclosed in a tube of uni¬ 
form cross-sectional area A cm.^. Suppose that there are n ions of 
each sign per 1 cm.^ and that the charge carried by each ion is c. Then 
when a potential difference U is applied between the ends of the 
column, the ions will migrate. The quantity of electricity transported 
per second through any cross-section of the tube will be -\-neku 
towards the cathode and —neko towards the anode. The resultant 
current strength will therefore be I == nekiu -f -y). 

The resistance E is defined (p. 220) as the quotient U/I. Hence, 
introducing the field strength E == TJ/ 5 , we have: 

T. s 1 E 
^ . • 

A ne V 

Now Ohm’s law states that the resistance is independent of the 
field ^strength (p. 220). From the experimentally proved fact that 
Ohms law holds for electrolytes we deduce that both ne and also 
E/(w + v) must be independent of the field strength. 

The first condition, namely the constancy of ne^ means that the 
total charge of the ions per umt volume must be independent of the 
field strength. 

The second condition, namely the constancy of E l{u -f- v), means 
that the sum of the migration velocities must be proportional to the 
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field strength.. In accordance with their physical significance we may 
also set each of the individual migration velocities proportional to the 
field strength, i.e. and v = where Z* and Z^ are the respec¬ 

tive velocities of migration when E=l, i,e, under a field strength of 
1 volt per cm. Substituting these values in our eqiuation for R, we 
obtain: 

E=:^ i ^ 

A.'ne Ik + la 

The fact that the action of a constant electric force upon an ion does not 
impart to it an accelerated motion but only causes it to move with constant 
velocity is due to the frictional resistance to which the ion is subjected. In the 
case of a particle subjected to a frictional resistance which increases with the 
velocity, the effect of a constant force is merely to increase the velocity until the 
frictional force just balances the moving force, after which the velocity remains 
constant (Vol. I, p. 372). Thus the motion is only accelerated for the first instant 
after the application of the force (cf. p. 307). 

The conditions for the validity of Ohm’s law are therefore as 
follows: (1) The concentration of the carriers of electricity must be 
independent of the field strength (and therefore also independent of 
the current process). (2) The velocity of migration of the carriers 
must be proportional to the field strength. Only when these conditions 
are fulfilled can Ohm’s law hold, and conversely the validity of Ohm’s 
law for a particular process of conduction proves that the mechanism 
of the process is such as to fulfil the conditions. This is by no means 
always the case, as will be shown later (pp. 302 and 354). 

4. The Variation of Equivalent Conductivity with Con¬ 
centration. The Principle of the Independent 
Migration of Ions. 

As was mentioned on p. 251, the equivalent conductivity approaches 
a limiting value as the dilution is increased. Remarkable regularities 
have been found to exist amongst the A^^-values of different salts. 
This is illustrated by the following data: 

KCl 130-10 KNOs 126-50 NaCl 108-99 LiCl 98-8S 

NaCl 108-99 IsTaNOg 105-33 NaNOj 105-33 LiNOs 95-18 

21-11 21-17 3-66 3-70 

We see that the difference between the A^^-values of two corresponding 
salts with a common ion is independent of the nature of that ion. 
This can only be explained by assuming that A^ is made up of two 
independent parts, one characteristic of the cation, and the other of 
the anion. Since the conductivity is due to the migration of the ions, 
it is obvious that these parts of A^ must be related to the migration 
velocities. We have A^= C(Z^ + Z*), where Z^ and Z* are the velocities 
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of migration in unit field and 0 is a constant wLose value is yet to be 
determined. We conclude therefore that: 

At very great dilution the anions and cations mom with their own 
characteristic velocities and transport their respective fractions of the 
current independently of each other, (Kohlbausch: Principle of the 
Independent Migration of Ions.) 

Calculation of the Equivalent Conductivity at Infinite Dilution.—^It follows 
that can be calculated from the migration velocities of the ions, as obtained 
from the transport numbers. We will now carry out this calculation. 

Putting 1/R = E, the conductivity, we may write the equation for R on 
p. 275 in the form.* 

A A 

K - ne(u + v)^ == ne{lj, + 

The value of K for a cube of 1 cm. edge being x, we have: 

X = ne(4 -f 4). 


In order to obtain the relationship mth the equivalent conductivity, w’e must 
introduce the connexion between the number of ions and the total number of 
dissolved molecules. If mj, is the mass of a cation, is the total mass of all 
the cations taking part in the process of conduction. The total mass of the cations 
which would he produced by complete dissociation of the solute being Mj^, then 
nmj. —ccM-k, where a is the degree of dissociation. 

Since e/m^ — 96,494 where is the equivalent weight of the cation, 
we may write: 




96,494 


“(4+4)Mi. 


96,494 
W;, • 


Here Mj/W;. is the number of gramme-equivalents per cm.®. Putting this equal 
to c, we obtain; 


X occ{lj^-\~ ^ — ^(4 “b L) *^6,494, 

c 


where X is the equivalent conductivity defined on p. 250. 

The quantities 96,494 4 “ U S'Hd 96,494 4 ~ ^ called the ionic mobilities. 
De^ed in this way they have the dimension [ohm~^]. In order to get the absolute 
ioniG mobilities Ij, and 4? i-®- the velocities in cm. per sec. for a field strength of 
1 volt per cm., we must divide the above mobilities, expressed in reciprocal 
ohms, by the factor 96,494 or multiply them by the factor 1/96,494 = 0*000010363. 
From above we have X = a(U + Y), and since X/X„ = a (p. 269): 

X, ==U-f-V-96,494(4+4). 

Thus the undetermined constant C of p. 275 has the value 96,494 when the 
Z-values are expressed in terms of the cm., sec., and volt. Conversely, we can 
obtain^ the siim of the ionic mobiliti^ when the value of the equivalent con¬ 
ductivity at infinite <Mution in known. In this case we can also calculate the 
sum of the iordc velocities. Finally, since the ionic mobilities and ionic velocities 
are in the ratio of the respective transport numbers, we can also calculate the 
actual ionic mobilities and velocities from their respective sums. 

^ Example, The equivalent couduotiviiy of sulphuric acid at infinite dilution 
IS X„ = 388, he. 


U-fV = 388. 
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Now the transport number of SO/' in very dilute sulphuric acid is v = 0*212 
(see p. 273). The transport number of the cation H* in the same solution is there¬ 
fore 1—V = 0*788. Hence for the mobilities of the ions we obtain: 

IJ = 388.0*788 = 306, and V = 388.0*212 — 82. The absolute mobilities 
are found from these figures by multiplication by 0*00001036. The values obtained 
are: 


Mh. = 0-0032 

volts/cm. 


and 


O'OOOSo 


cm./sec. 


TABLE \TII 

Absolute Mobilities oe loi^’-s (i.e. Velocities of Migeatioji 

I2sr CM./SEC. IH A EiELD OF 1 VOLT/CM.) 


Li- 0*000346 
Kl* 0*000669 
H- 0*003263 


Cr 0*000679 
NO/ 0*000639 
OH' 0*001803 


Table VHI gives the absolute mobilities of a number of ions. One striking 
fact is that the mobilities of the H* and OH' are relatively very large (see also 
p. 278). This is probably connected with the fact that they are also constituents 
of the solvent water, in consequence of which peculiar possibilities of migration 
(by exchange) are opened up. In the introductory experiment described on p. 
266 it was the absolute mobility (multiplied by the field strength) which was 
observed. The progression of the red zone in the first experiment indicated the 
migration of the MnO/ ions. In the second experiment the blue Cu“ ions migrated 
up the cathode limb and the yellow CrgO/' ions up the anode limb. By this 
method the calculated migration velocities may be checked by direct experiment. 

Deviations from Ohm’s Law in Electrolytes.—^In the above treat¬ 
ment it has been assumed that 1^ and Ij. are independent of the con¬ 
centration; only when this is true is it permissible in calculating the 
equivalent conductivity at infinite dilution to use the same value of 
(^a + calculation of A at higher concentrations. Now 

according to the recent theories already mentioned on p. 270, this 
assumption is not quite justified. Without going more deeply into 
these theories it is at once obvious that the electrostatic forces between 
the ions must have an effect upon their mobilities, and that this effect 
will vary with the concentration. In the neighbourhood of a cation, 
for example, there will (on the average) be a preponderance of anions 
over cations; for the anions will be attracted and the cations repelled. 
We must conclude, therefore, that each cation forms the centre of a 
cluster of anions (known sometimes as its ionic atmosphere). When 
an electric field is applied to the solution, the cation tends to migrate 
in the opposite direction from its ionic atmosphere; this atmosphere 
thus disappears behind the cation as it moves, and is built up anew 
in front of it. Since these processes take a certain time, the charge 
distribution around the central ion is not symmetrical, so that the ion 
is subjected to a resultant braking force. Hence when currents of 
very short duration are used in the conductivity measurement, i.e. 
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alternating currents witE a period shorter than the time required to 
establish the lack of Sjmimetry of the ionic atmospheres, a different 
value of the conductivity is obtained from that observed with direct 
current. Moreover the conductivity must he dependent upon the applied 
potential difference, since the formation of the asymmetry obviously 
depends upon the field strength (Debye). The experimental discovery 
of these deviations from Ohm^s law (Wien effect, M. Wien) provides 
strong support for the views outlined above. 

Hydration of Ions.—Conductivity measurements have revealed 
the striking fact that the electrical resistance of electrolyte solutions 
varies in a parallel manner to the viscosity (Vol. I) of the solvent. This 
indicates that during the passage of the current the particles of the 
solvent are displaced relatively to one another, i.e. that the ions are 
surrounded by shells of solvent molecules. This is known as solvation 
or in the case of water hydration. The quantities of water transported 
by the ions can also be measured directly by enclosiug the electrodes 
in suitable diaphragms. The calculation of the absolute ionic mobilities 
offers the possibility of determining the size of the moving complexes. 
The number of solvent molecules associated with each ion can only 
be obtained roughly in this way. For cations it varies between 4 and 
15 (according to Lenard and others), while for H* it is probably only 
1, Thug the hydrogen ion probably exists in solution in the form 
HgO*. The solubility of a substance in a liquid appears to be due to 
a large extent to the formation of solvated complexes. 



CHAPTER IX 


Transformation of Chemical into Electrical 
Energy and the Reverse. Calculation 
of E.M.F.s of Galvanic Cells 

1. Electrolytic Solution Pressure 

la § 18, p. 105, we liave already recognized as a general property 
of matter t£e transference of electricity between two different sub¬ 
stances placed in contact with, one another. This transference is 
eventually automatically stopped by the formation of an electrical 
double layer. This takes place, for example, when a metal is placed 
in a liquid (see fig. 129, p. 110). We will now consider more closely 
the case of a metal dipping into a solution of one of its own salts. 
The action of a Daniell cell (p. 42) depends upon the passage of zinc 
into the ionic state at the zinc electrode, i.e. Zn Zn" + 2(—), and 
the passage of copper ions into the metallic state at the copper elec¬ 
trode, i.e. Cu" -f 2 (—) -> Cu. These two processes take place spon¬ 
taneously until they are stopped by the opposing fields of the double 
layers to which they give rise. But by destroying the double layers, 
namely by allowing the excess electrons at the zinc electrode to pass 
through an electric conductor to the copper electrode, where there is 
a deficit of electrons, the processes may be kept in progress and made 
to yield energy continuously. Our problem is to calculate the quantity 
of energy derivable from such a reaction. The electrical energy is 
given by the product of quantity of electricity and potential difference. 
The quantity of electricity associated with one gramme-equivalent 
is always 96,494 coulombs. The problem therefore reduces to calculat¬ 
ing the work which can be obtained by the passage of 1 gramme- 
equivalent of metallic zinc into the ionic state, i.e. to calculating the 
potential difference involved iu this process. In order to be able to 
treat the problem quantitatively we ^ make use of a concept which 
was introduced by Neenst in 1889, and which has proved to be of 
great value. 

279 
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Eor every metal we may assume a certain pressure, tLe electrolytic 
solution pressure, tending to drive it into solution in tlie form of ions 
when it is placed in a liquid. 

This pressure is analogous to the vapour pressure of a liquid, which 
is a measure for the tendency of the liquid molecules to leave the liquid 
and pass over into the vapour state. 

Similarly we may regard the process of solution of a substance 
like cane sugar in water as due to a solution pressure driving the 
molecules into the Hquid phase. The molecules which have passed 
into solution also exhibit a pressure, the osmotic pressure (VoL II, 
p. 61), acting in opposition to the solution pressure and tending to 
make the solution more dilute. The final equilibrium between these 
two opposing tendencies is a dynamic one in which there is a continual 
passage of molecules into and out of solution. In the case of solid 

solute in contact with unsaturated 



Fig. I. —Double layers in the 
Daniell cell 


solution more molecules are driven into 
solution by the solution pressure than 
are driven out again by the osmotic 
pressure. When the solution is super¬ 
saturated the reverse is true. In the 
same way the electrolytio solution pres¬ 
sure acts in opposition to the osmotic 
pressure of the ions. 

The magnitude of the potential 
difierence involved is therefore deter¬ 


mined by the difierence between the electrolytic solution pressure of 
the metal and the osmotic pressure of its ions in the solution. Since 
the latter varies with the concentration, it follows that the potential 
difference between the metal and the solution must also vary with 
the concentration of the dissolved salt. This is borne out by experi¬ 
ment (p. 283). 

The potential difference we are considering is known as the elec¬ 
trolytic potential or electrode potential of the metal relative to the 
solution. In stating the value of such a potential it is necessary also 
to give the concentration of the salt solution. For many metals the 
electroljrtic solution pressure is extremely small: a minute concentra¬ 
tion of the metal ions in solution is sufficient to produce an osmotic 
pressure exceeding the solution pressure of the metal. This is the 
case, for example, for copper. When a piece of copper is dipped into 
the solution of a copper salt, the copper ions are deposited upon the 
metal until the process is stopped by the double layer to which it gives 
rise (fig. 1).^ Thus copper becomes positively charged when dipped 
into a solution contaming Cu‘* ions. The electromotive force (E.M.F., 
p. 137) of a ceU is now clearly equal to the difference between the poten¬ 
tials of the two electrodes relative to the solutions in which they dip. 
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TEus if (the sign is minus because zinc becomes negatively 
charged) is the potential of a zinc electrode relative to normal zinc 
sulphate solution and +E 2 the potential of a copper electrode relative 
to normal copper sulphate solution, then the E.M.F. of the resultant 
Daniell cell is equal to Eg — ( —E^) = Eg + 


2. Relation between E.M.F. and Heat of Reaction 

The maximum amount of work which can be obtained from a 
chemical reaction is not determined alone by the quantity U of heat 
evolved when no external work is performed, but by the free energy 
H, which may be either greater or smaller than U (VoL II, § 13, p. 
148). We have the general equation (Helmholtz), 


h = u + t 


an. 


dR 


where T is the absolute temperature. Only when —, the differential 

coefl&cient of the free energy with respect to the temperature, is very 
small, can we put H = U. 

In the case of a zinc rod dipped into copper sulphate solution, for 
example, the zinc passes into solution and copper is deposited. A 
certain amount of heat is liberated during the process and the tem¬ 
perature of the whole system rises. The quantity of heat per gramme- 
atom of zinc and gramme-molecule of copper sulphate is 50,110 cal. 
When the process is allowed to take place in a Daniell cell, there is 
no appreciable evolution of heat and the process can perform work, 
e.g. by driving a motor in the external circuit. The quantity of elec¬ 
trical energy obtainable is given by the product of 2.96,494 coul¬ 
ombs (factor 2 because Zn and Cu are divalent) and the E.M.F. of 
the cell in volts (E say). Transforming to calories we have (§ 2, p. 
255) H = 2.96,494.0-239E cal. Putting this equal to U, i.e. equal 
to 50,110, we can calculate E. This iuvolves neglecting the term 

— T;^. The value obtained is E = 1-0863 volt. This is very near 

(tl. 

the value actually found in experiment. In this case, therefore, we 

dR 

are justified in neglectmg the term When the valency is 7i 

the factor 2 in the above calculation must be replaced by 

As a rule carmot be neglected. Since dR = 96,494.0•239 ?^dB = 
23063n dR we have in general: 

23,063n"*” ciT* 

* To this must be added also the potential difference between the solutions. This 
may, however, be neglected for the time being (p. 283). 
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Hence tLe E.M.E. of a ceU can be calculated exactly from tbe 
beat of reaction of tbe processes involved and tbe temperature coefS.- 
cient of tbe E.M.E. Tbe above equation bas been satisfactorily verified 
by accurate measurements. 

Calculation and Determination of Individual Electrode Potentials,— 

Nerxst bas suggested another method of quantitative treatment of 
tbe relation between electrode potential, electrolytic solution pressure 
and osmotic pressure. Tbe maximum work which can be obtained 
by tbe expansion of one gramme-molecule (i.e. v = 1) of an ideal gas 
is W == RT loge{ 2 >ilP 2 ) (VoL II, p. 102), where E is tbe gas constant, 
T tbe absolute temperature, and and tbe initial and final pres¬ 
sures of tbe gas respectively. Neenst’s idea is to apply this equa¬ 
tion to tbe electrolyte solution pressure P (e.g. of the zinc) and to 
tbe osmotic pressure p of tbe ions in the solution. This gives W = 
RT logg(P/j 3 ). But this amount of electrical work obtainable by tbe 
transference of one gramme-atom of tbe metal (e.g. zinc) into tbe ionic 
state is also equal to tbe product of 96,494^2, coulombs (n= valency) 
and tbe potential E of tbe metal relative to tbe solution. Hence: 


E = 


RT 

96,494 n 



0*000198 T, P 

-log — volts. 

n ^ p 


Here R bas been transformed to volt-coulombs with tbe help of tbe 
thermal equivalent (giving R== 8*316 volt-coulombs) and the natural 
logarithm bas been reduced to an ordinary logarithm ;tby dividing 
by 0*4343. Tbe negative sign corresponds to tbe fact that tbe solid 
metal becomes negatively charged relative to tbe solution as a result 
of tbe ionization. 

At room temperature (T = 273 + 18 = 291) we have: 


0*058, P 

E --log — volts. 

n ^ p 


When > P, as in tbe case of copper (p. 283), tbe sign of E is 
reversed; tbe metal then assumes a positive potential relative to tbe 
solution of one of its salts. 

Iniividml electrode potentials cannot he determined hy direct ex- 
periment, —^In all measurements we necessarily have to use a cell with 
two electrodes, so that it is only a difference of electrode potentials 
which is actually observed. It would be possible to determine single 
electrode potentials, if tbe second electrode of tbe cell were such that 
ifcs potential relative to tbe solution were zero. So far, however, a 
satisfactory electrode of this type bas not been made. Por most pur¬ 
poses (e.g. for tbe calculation of tbe E.M.F.s of compound cells) it 
is sufficient to know relative values. Hence in practice electrode 
potentials are expressed relative to an abitrarily fixed standard, 
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wHcli is taken as zero. The standard adopted is the normal hydrogen 
electrode, first suggested hj Nernst. This consists of an electrode 
of platinized platinum containing absorbed hydrogen and dipping in 
an acid with a hydrogen ion concentration of 1 gm. per litre. This 
concentration corresponds, for example, to approximately 2-normal 
sulphuric acid at room temperature. Since the osmotic pressure p 
of the ions in the solution is proportional to the concentration, the 
numerical value of electrode potentials usually quoted refers to an 
ionic concentration of one gramme-equivalent per litre. Referred to 
the normal hydrogen electrode as standard, the electrode potentials 
are then known as standard electrode potentials. Table IX (after 
Drucecbr) gives the values for a number of different substances. 

TABLE IX 

Staudabd Electrode Potentials 


Process 

Volt 

Process 

Volt 

Li ^ Li- 
K ^K* 

Zn Zn- 
Ee ^ Fe¬ 
rn ^ Ni- 
Pb ^ Pb- 
Ha ^ 2H‘ 

Sb ^ Sb- 
Cu ^ Cu- 
Ag ^ Ag- 
Au ^ Au* 

-3*02 
-2-92 
-0-76 
-0-44 
-0-25 
-0-13 
0-000 
4-0-2 
-1-0-345 
-fO-81 
+ 1-5 

40H' ^ Oa 4- HgO 

21' ^ la (soHd) 

2Br' ^ Bra (dissolved) 

2C1' ^ Cla (gas) 

-I-0-41 

-rO-58 

4-1*087 

4-1*36 

Cu* ^ Cu- 
Sn“ ^ Sn*— 

Fe- ^ Fe— 

Ha 4- 20H' ^ 2 H 2 O 
Pb-4-2H20^Pb02 4-4H* 

4-0-167 

H-0-2 

4-0-75 

-0-82 

4-1-44 


These are not only useful for the calculation of the E.M.F.s of voltaic 
cells, they are of fundamental significance for the whole chemical 
behaviour of the respective substances. This cannot, however, be 
discussed further here. 

Concentration Cells.—A very striking example of the difference of the elec¬ 
trode potential of a metal in solutions of different ionic concentration is pro¬ 
vided by the following experiment. 

In a vertical glass tube is placed a layer of concentrated copper sulphate 
solution with a layer of very dilute solution of the same salt above it. Into each 
of these layers is dipped a copper rod. It is then found that there is a potential 
difference between the two rods. When they are joined by a conducting wire, 
a current flows in the direction from the concentrated to the dilute solution in 
the external part of the circuit. Within the liquid the current is from the dilute 
to the concentrated solution. It is accompanied by electrolysis, the Cu” ions 
migrating to the cathode, where they give up their positive charges, and the 
SO/ ions migrating towards the anode, where they give up their negative charges. 
Consequently copper is deposited upon the rod dipping into the more concen¬ 
trated solution, while at the other rod the sulphate radicals react at once with 





284 


CHEMICAL AND ELECTRICAL ENERGY 


the copper, forming more copper snlphate. On the whole, therefore, there is an 
increase in the concentration of the more dilute solution and vice versa. The 
process comes to an end when the two solutions reach the same concentration. 

Since the equalization of concentration may also occur by diffusion, it is 
best to use two tubes as shown in fig. 2. These are identical except that the 
one on the right has its electrodes connected by a conducting wire, whereas the 
electrodes of the one on the left (the comparison tube) are unconnected. The 
effects of diffusion are then the same for both tubes, and any difference in their 
behaviour must be due to the current alone. Actually it is observed that the 
equalization of concentration takes place considerably more rapidly in the tube 

with its electrodes connected than in 
the comparison tube. In the right-hand 
tube the dilute solution becomes intensely 
blue near the copper electrode after one 
day, whereas in the left-hand tube no 
such coloration can be observed. 

Since the copper does not react directly 
with the copper sulphate, the cause of 
the potential difference and of the ionic 
migration accompan 3 dng the current can 
only lie in the difference of concentration 
of the two parts of the electrolyte. For 
this reason a cell of this kind is called a 
concentration cell. 

It is interesting to modify this experi¬ 
ment by using electrodes of an indifferent 
material. The apparatus shown in fig, 2 
may again be used and the solutions may 
be normal HCl and 1/1000-normal HCL 
The electrodes are placed as near as- 
possible to the liquid junction. Once 
rt again there is a potential difference, the 
^ electrode in the more concentrated solu- 

_ __ h tion becoming the cathode. The cause 

Fig". 2.—Equalization of concentration by this E.M.F. lies in the difference of 

simple diffusion and by electrical transport the migration velocities of the H’ and OF 

ions (see below). 

Kinetic Theory of the Processes in Voltaic Cells.—The molecular mechanism 
of the phenomena at present under consideration can be most easily understood 
in the case of concentration cells. 

Take for example the hydrochloric acid concentration cell described above. 
The ions of the electrolyte, viz. H‘ and CF, diffuse from regions of higher con¬ 
centration to regions of lower concentration. The two kinds of ions, however, 
have different mobilities and therefore move at different velocities. Hence they 
tend to become separated from one another and are consequently subjected to 
restraining electrical forces arising from their opposite electric charges. These 
forces establish equilibrium with the forces tending to produce the motion. The 
latter are the same forces which cause the displacements of suspended particles 
in the Brownian movement; their origin is the thermal kinetic energy of the mole¬ 
cules; with a different experimental arrangement they may be observed as 
osmotic pressure. The charge displacements arising in this way in the liquid are 
associated with potential differences between different points. When, therefore,, 
a conducting wire is dipped into the liquid so as to connect these points, a current 
is produced. This removes the potential differences and the diffusion now pro¬ 
ceeds more rapidly than before, being no longer restrained by electric forces. 
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These considerations show that a potential difference must always occur 
"between two layers contai nin g the same electrolyte at different concentrations. 
The E.M.F. of such a liq^uid junction can be calculated in a manner similar to 
that for ordinary electrodes. We cannot, however, go into this here. The essential 
factor is obviously the ratio of the migration velocities. ]S»o potential difference 
is to be expected when the anion and cation have the same velocities of migration. 
The actual E.M.F.s are not large: in the HCl case mentioned above, for example, 
the value is 0*114 volt. 

In the same way double layers are formed at the boundary surface between 
solutions of different electrolytes, and a potential difference therefore occurs. 
In calculating the E.M.F.s of cells account must, of course, be taken of the 
potential differences at the liquid junctions. 

Similar considerations also apply to the case of a metal dipping in the solution 
of one of its salts and hence to concentration cells. When, for example, a copper 
rod is placed in a solution of copper sulphate, the diffusion process drives Cu** 
ions against the rod, where they give up their charge and are deposited and held 
fast as metaUic atoms. At the same time, of course, SO/ ions are also driven 
against the rod; but more Cu" ions than SO/ ions come into contact with the 
rod on account of the greater mobility of the former. In a given time, therefore, 
more Cu** ions are captured by the rod than are dissolved off by the SO/ ions. 
On the whole we may regard the process as equivalent merely to the deposition 
of Cu** ions at a certain rate. Other things being equal, the tendency causing this 
deposition is directly proportional to the ionic concentration. Opposing it is 
the electrolytic solution pressure, which tends to drive copper into the solution 
in the form of ions. The two tendencies come to equilibrium at a certain electrode 
potential, the value of which is dependent upon the concentration of the elec¬ 
trolyte. In the case of a concentration cell the observed E.M.F. arises from the 
difference of concentration of the two parts of the liquid. The positive copper 
cations enter the more dilute solution, causiug its concentration to increase, and 
leave the more concentrated solution, causing its concentration to decrease. 
When the cell is closed by a wire of another substance (e.g. platinum), the con¬ 
ditions are more complicated. 

In Mernst’s theory the tendency opposing the electrolytic solution pressure, 
i.e. the tendency which gives rise to the Brownian movement, is measured by 
the osmotic pressure. In 1916, P. Debye * actually succeeded in deriving the 
ISTernst formula for the E.M.F. of a concentration cell directly from the theory 
of the Brownian movement. 

It may also be remarked that the processes of a concentration ceU furnish a 
clear example of how natural processes take place in the direction corresponding 
to increase of entropy. In the case of a more concentrated and a less concentrated 
solution in contact with one another the distribution of the molecules is not 
one of maximum disorder. The probability and hence the entropy of the state 
(Vol. II, § 10, p. 130) are smaller than if the concentration were everywhere the 
same. The electric current of the concentration cell, like the diffusion process, 
takes place in the direction causing a more nearly random distribution and there¬ 
fore also an increase of probability and of entropy. 

The energy of the electric current furnished by a concentration cell is not 
of chemical origin, as is the energy of other galvanic cells. The equalization of 
concentration actually involves absorption of heat, like the process of solution 
of a substance which does not react with water, and like the expansion of a gas 
with performance of external work. 

* P. Debye, Butch by birth (bom 1884), was first Professor of Physics at Got¬ 
tingen, then 1920-27 at the Technical College at Zurich, and subsequently at Leipzig. 
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3. Electric Polarization of Electrodes. Accumulators. 


B 


Electrolytic Polarization Current.—In the arrangement shown in 
%. 3, B is a battery of about 4 volts, P is a vessel filled with dilute 
sulphuric acid into which dip two large platinum sheets or carbon 
plates A and K, the instrument A to the right is a galvanometer, and 
U is a change-over switch. 

The switch being in the position represented in the figure by the 
continuous line, the current from the battery fl.ows in the direction 
indicated by the corresponding arrows. Thus of the electrodes in P, 
A is the anode and K the cathode. Oxygen is therefore evolved at 
A and hydrogen at E. A certain amount of the gases remains clinging 
to the respective plates. The switch is now changed over into the 
other position (dotted in the figure). The galvanometer A then in¬ 
dicates an electric current fl.owing in the direction of the dotted arrows. 

This current is called the {electrolytic) 

--—ov C 3 - ^polarization current. It is only of short 

+ ^ ^ u duration. 

^ ^ The explanation lies in the presence of 

gas upon the electrodes. The cathode K 
is covered with hydrogen molecules. When 
the current from B is stopped, the high 
electrolytic solution pressure of the hydrogen 
(p. 280) drives hydrogen cations back into the liquid, causing K to 
assume a negative potential relative to it. In the same way oxygen 
molecules enter the liquid as anions from the gas adhering to A, wMch 
thus assumes a positive potential. When now A and K are put into 
conducting connexion, a current is produced. This polarization current 
only continues to flow as long as there are still gas molecules adhering 
to the electrodes. 

That it is really the gases adhering to the electrodes which cause- 
the polarization current, follows from the fact that a galvanic cell can 
be made by dipping into sulphuric acid two pieces of platinum sheet,, 
one of which has previously been hung for some time in a vessel full 
of hydrogen and the other in air. In order that the current may be 
of sufficient duration to allow of its observation, the platinum must 
be coated with platinum black (i.e. must be platinized) before being 
hung in the atmosphere of hydrogen or air. The quantity of gas taken 
up is then much greater than in the case of implatinized electrodes. 



Fig. 3.—^Polarization current 


III this connexion mention may be made of the Grove gas cell (1839) shown 
in fig. 4, Into the two side necks of a Woulfe bottle containing dilute sulphuric 
acid are inserted two tubes, closed at their upper ends, which carry long strips of 
platinized platinum. The two tubes are filled, through the central neck of the 
bottle, "with hydrogen and oxygen respectively- When now the projecting ends of 
the platinum are joined through a galvanometer, the latter indicates a current in 
the direction from oxygen to hydrogen in the external part of the circuit (see 
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arrows in the figure). A more convenient procedure is first to fill the electrode 
tubes quite full of dilute sulphuric acid, then generate the hydrogen and ozygen 
electrolytically by an auxiliary current. The gases are thus evolved in the 
respective electrode tubes in the correct proportions. 

Decomposition Potentials. Overvoltage. — Yery small applied 
potential differences are snfiSicient to cause the passage of a current 
between copper electrodes dipping in a solution of copper sulphate, 
the copper being dissolved off from the anode and deposited upon 
the cathode. If electrodes of platinum he used, the cathode soon 
becomes covered with copper, and oxygen is evolved at the anode. 
During the whole of the electrolysis we then have 
to overcome the polarization E.M.F. of the cell so 
formed. A polarization E.M.F. is always produced 
when salt solutions are electrolysed between inert 
electrodes. In order to produce a current in such 
cases, we must overcome both this polarization 
E.M.F. (P say) and also the drop of E.M.F. due to 
the resistance R of the solution (p. 237). The 
potential difference which must be apphed between 
the electrodes to produce continuous electrolysis 
is thus 

E = IR + P, 

where I is the current strength. 

When I is very small, we have E = P. This 
potential difference, the minimum necessary just 
to produce a current through the cell, is called the 
decomposition potential of the salt. 

The potential of an electrol^ically liberated . —Grove h d 
gas or metal relative to the solution depends upon cdf 

the nature of the electrode. Platinized platinum 
is chosen as standard. For almost all other electrode materials a 
greater E.M.F. is necessary to liberate hydrogen than for the stan¬ 
dard platinized platinum. This phenomenon is known as overvoltage. 
It is of very great importance for the practical deposition of metals, 
as it makes this possible in cases where it could not occur according 
to the table of standard electrode potentials (see, for example, p. 283). 
Thus the overvoltage of hydrogen upon mercury is about 0*6 volts. 
In the deposition of metals there is also an increase of the electrolytic 
solution pressure, i.e. an enhanced deposition potential. Conversely, 
it is possible to reduce the electrolytic solution pressure by alloy for¬ 
mation at the electrode. This fact, together with the large over¬ 
voltage of hydrogen on mercury, makes possible, for example, the 
deposition of alkali metals from aqueous solution upon a mercury 
cathode. 
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Accumulators.—^In tte Grove gas cell we Rave already become 
acquainted with, an example of how electrical energy can be stored 
up in the form of chemical energy. We use electrical energy to generate 
hydrogen and oxygen and can regain it by chemical combination of 
these two gases in the cell. Such storage devices for electricity are 
called accumulators (also secondary or storage cells). Two types have 
come to be of practical importance, namely the lead accumulator and 
the Edison accumulator. 

The Lead Accumulator —This consists of two lead plates, usually originally 
coated with a layer of lead oxide, in a vessel containing dilute (20 per cent) 
sulphuric acid. The lead oxide is converted by the acid into lead sulphate. When 
a current is passed between the plates, the lead sulphate at the anode is oxidized 
to lead peroxide, while that at the cathode is reduced to metallic lead. When 
the current has passed a sufficient time, we have a plate of lead peroxide and a 
plate of metallic lead. The accumulator is then said to be charged. 

When the poles of a charged accumulator are put into conducting connexion, 
a current flows in the opposite direction from the previous charging current, 
namely from the lead peroxide plate to the lead plate through the conducting 
wire. The result is to reproduce lead sulphate at both plates. This process is 
known as the discharge of the accumulator. 

The chemical processes involved may be represented by the equation: 

cliarge 

2PbS04 + 2 H 2 O PbOg + Pb + 2 H 2 SO 4 . 

In the charged condition the anode consists of Pb 02 , the oxide of quadrivalent 
lead, and the anode of metallic lead. The process of discharge consists essen¬ 
tially of the change of quadrivalent Pb**** ions into bivalent Pb" ions at the 
anode and the change of metallic lead Pb into bivalent Pb** ions at the cathode. 
The Pb*‘ ions so formed then combine with the SO/ ions at both plates to give 
insoluble lead sulphate PbS 04 . Hence the processes producing the E.M.F. are: 

Pb****->■ Pb- and Pb->Pb-. 

It follows that SO/ ions are used up during discharge, so that the sulphuric acid 
concentration of the accumulator sinks. Hence measurement of this concentra¬ 
tion (e.g. by density determination with a hydrometer) is the best way to find 
out the degree of discharge of the accumulator. Various difficulties had to be 
surmounted before the process could be satisfactorily applied in a practical 
form of accumulator, in which the maximum fraction of the plates is effective 
for the production of current. In spite of the energetic chemical reactions at 
the plates, there must be no loss of rigidity; but on the other hand the weight of 
the plates must not be too great. It was therefore a great advance when PLAXTis 
discovered that by repeated charging and discharging (“forming”) the elec¬ 
trodes could be converted to an ever-iucreasing degree into lead oxide, without 
too serious an effect upon the rigidity of their textirre. In this process of “ form¬ 
ing ” the surface of the plates becomes progressively loosened and hence the 
quantity of lead oxide entering into the chemical reactions of the accumulator 
is progressively increased. Only by “ forming ” could the efficiency of the lead 
accumulator be raised sufficiently to compete with the other known types of 
cells. 

* P^t described by the German physician Sixstedex in 1854. The later develop¬ 
ments in lead accumulators have been based upon the investigations (1860) of R. 
Gastox PiiANT:]^ (1834r-89), Professor of Physics at Paris. 
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The discover 3 r did not assume commercial importance until the lead plates 
were replaced cast lead grids, into the interstices of which a paste of lead 
oxide and concentrated sulphuric acid was mechanical^ pressed before “ form¬ 
ing ” (Faure ^). Turing charging this oxide is converted into brovvui lead per¬ 
oxide at the anode, and into spongj' grej^ metallic lead at the cathode. 

The success of this tA^e of accumulator depends upon the observation that 
lead oxide or lead powder mixed with sulphuric acid gives a paste which sets 
hard after a short while. The hardness can be increased b^" addition of ^Ucerine 
and other substances. In order that the internal resistance ma^^ be as small as 
possible, it is usual to solder a number of similar plates on to one common lead 
rod. The anode and cathode are then placed in the containing vessel in such a 

wa 3 " that the members of one set of 
plates are situated in the spaces between 
the members of the other set (fig. 5). 
The positive set usiiallv has one plate 
less than the negative, and can be 
distinguished both by this fact and also 
b^" the brown colour of the lead peroxide 
when the accumulator is charged. 

In ordinaiy portable accumulators 
the internal resistance usualh’ amounts 
onl\' to a few hundrecltlis of an ohm. 



Fig. S-—Lead accumulator 

[Exide and Dn,’dex Batteries, 
London] 



of a lead accumulator 


The E.M.F. of a lead accumulator is almost cxactlv' 2*0 volts and has a verj' 
small temperature coefficient, nameU about 0*0003 volt per degree. 

Although the processes producing the current in an accumulator are reversible, 
energy losses are unavoidable. particulRrlv as the pressure required for charging 
is higher than that given (h-rhi j •ihclu-rjfc-. Fig. 6 represents the variations of 
pressure during charge and discharge. The difference of E.M.F. between charge 
and discharge is due to a concentration E.M.F. arising from differences of con¬ 
centration set up by the chemical reactions on account of the narrowness of the 
pores of the plates. Towards the end of the charging process there is also an 
evolution of oxj'gen and hjrdrogen and ron^r-riuortl^' a high polarization E.M.F. 
The charging is regarded as complete v.lieii i::e pi'ossure has risen to about 2*6. 
Discharge should not be continued after the pressure has fallen to 1*8. The average 
charging pressure is usually about 2*3, the average discharge pressure about 1*9. 
The efficiency of the accumulator is thus about 80 per cent as regards pressure. 
Since the efficiency as regards quantity of electricity^ is about 98 per cent, the 
efficiency as regards energy is also about 80 per cent. The capacity of a good 
lead accumulator is about 4 ampere-hours per square decimetre of the plates. 

* Camille Faure invented and named in 1881 the type of accumulator commonly 
used nowadays. 

(B617) 20 
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Tins capacity (tlie word “ capacity ” is used here in a general sense for the total 
effective amount of electricity viiich can be stored up) decreases as the strength 
of the discharging current is increased. As much as 32-4 watt-hours can be stored 
up in an accumulator weighing one kilogram. 

The Edison Accumidaior^-—V\lLea charged the cathode consists of finely 
divided iron, the anode of nickel hydroxide Ni(OH) 3 . The electrolyte is 20 per 
cent caustic potash solution containing a certain amount of lithium. Turing 
discharge the iron passes over into the ionic state, Ee—^ Fe", but is immediately 
precipitated as Fe(OH ).2 at the cathode. At the anode the trivalent nickel be¬ 
comes bivalent Ni’**—> Ni'g which also remains as insoluble hy^droxide JSri(OII )2 
at the anode. These processes, to which the E.M.F. of the accumulator is due, 
may’ be represented by’ the equation: 

charge 

re(OH )2 + 2Ni(OH). Fe + 2 Ni(OH) 3 . 

discharge 

The discbro'ging pressure falls off from an initial value of 1-4, the mean value 
being 1-2 (iig. 1). The charging pressure is considerably higher than this. More¬ 
over, secondary^ reactions occur in the 
accumulator and reduce the efficiency as 
regards quantity” of electricity to about 70 
per cent. The efficiency as regards energy' 
is therefore only” about 50 per cent. 

This accumulator has been considerably' 
improved by^ the use of cadmium in place 
of iron (Jungnek). In this way^ the 
efficiency” as regards quantity of electricity’ 
could be increased to 75 per cent and the 
efficiency” as regards energy to 57 per cent. 

Especial mention must be made of the 
great insensitivity” of the Edison accu¬ 
mulator to mechanical vibration and heavy discharge. These qualities make it 
particularly” suitable for use in moving systems (vehicles, &:c.), where its useful 
life is longer than that of the lead accumulator. 

The capacity for one kilogram weight is about 30 watt-hours. 



Fig. 7.—Charging and discharging pres¬ 
sures of an Edison accumulator 


4. Practical Applications of Electrolysis 

The first applications of electrolysis date back to Davy, who de¬ 
composed the caustic alkalis in 1807 and prepared potassium and 
sodium ill the metallic state, and to Jacobi, f who showed in 1838 
how to produce plastic metallic reproductions of objects by electrolysis 
and how to plate ordinary^ metals with noble metals. But electro¬ 
chemistry did not develop into an extensive branch of engineering 
and industry until the invention of the dynamo-electric machine for 
the production of any desired E.M.E. and current strength. 

The following is a short aecoimt of the most important commercial 
applications. 

* Thomas Alva Edisox (1847-1931), once a newspaper-boy, became the most 
successful of American invetitors. 

f M. H. vox Jacobi (1801-74), German physicist in Petersburg, brother of the 
famous mathematician K. S. J. Jacobi (1804-51). 




PRACTICAL APPLICATIONS OF ELECTROLYSIS 291 

Electrolysis of Metal Salts.—This is one of the most extensive 
branches of applied electrolysis. It includes firstly the electrolytic 
preparation or purification of metals, and secondly, the metal plating 
of objects for practical or decorative purposes and the preparation of 
plastic reproductions in metal. 

1 . Electrolytic Prejmration of Metals .—By employing an insoluble 
anode and a solution of a salt of the metal as electrolyte, it is possible 
under certain circumstances to deposit the pure metal upon the 
cathode. 

Large quantities of copper (over 100,000 tons annually) are de¬ 
posited in this way from electrolytes containing CUSO 4 . The anodes 
used are made of an alloy of copper with silicon, iron, and other metals. 

Zinc is also prepared in large quantities (in 1925 about 160,00(i 
tons) by a similar process. The anode material is in this case man¬ 
ganese dioxide, Mn 02 . 

2. Electrolytic Parification of Metals .—In this process the impure 
metal is used as anode, the electrolyte being a salt of the same metal. 
The passage of an electric current then causes the anode to pass into 
solution and the pure metal to be deposited upon the cathode. 

The most important application is for the electrolytic reJinitHj (f 
copper. The anodes are cast of the unrefined metal which contains 
about 98“99 per cent Cu. 

The impurities consist chiefly of silver, gold, platinum metals, ])ismuth, 
arsenic, and antimony, together with other metals. TlK)se impurities which are 
less “ noble ” than copper (viz. nickel, iron, cobalt, zinc, antimony, arsenic, 
bismuth) pass into solution along with it. (Jn the other hand the m.ibic* metals 
and also selenium and tellurium remain undissolved and sink to the bottom of 
the electrolysis vessel (anode sludge). The solutions employed contain 12 -lt> 
per cent of CUSO 4 .5H.,0 and 5-10 per cent free H. 2 SO 4 . The working tem¬ 
perature is 40-50'^ C*. and the current density up to 300 amperes per m.-. The 
electrolytic process is complicated by the capacity of copper to assume two A'al- 
encies, i.e. to ionize both as Cu* (cuprous) and Cu** (cupric). One of the results (.4' 
this is that a small fraction of the copper goes into the anode sludge. Anf>thtT 
is that the quantities deposited may not correspond to Faraday's law, but under 
certain circumstances may show large deviations (e.g. about 50 per cent) from it. 
It is these same complications which make the copper-coulombmeter (p. 152) 
unsidtable for quantitative purposes. Of the impurities which pass into solution 
nickel, iron, cobalt, and zinc require a higher E.M.F. for deposition than does 
copper, and can therefore be concentrated to a considerable degree in the solution. 
Special methods must be employed to prevent the deposition of arsenic, bismuth, 
and antimony. 

The metal deposited upon the thin sheets forming the cathode is 
very pure copper (up to 99-99 per cent pure). This degree of purity 
is absolutely necessary, however, for the purposes of modern electrical 
engineering, as the smallest traces of impurities may have a very great 
ef ect upon the conductivity of copper. Thus a few thousandths of 1 per 
cent of arsenic are said to render copper useless for electric mains. 
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TLe quantities of copper refined in tliis way are very large indeed. 
The aiiiiiial production of the copper refining industry of the United 
States alone amounts at present to more than 1 , 200,,000 tons. This 
means that in the U.S.A. alone a total average continuous current of 
125 million amperes is used in this one process. 

The anode sludge formed during copper refining contains such 
large amounts of noble metals that the value of these metals regained 
from it annually by electrolysis is estimated as more than £ 10 , 000 , 000 . 

The silver is cast into anodes containing 80-85 per cent Ag and 
is electroMically deposited upon pure silver cathodes in a manner 
similar to that described above for copper, the electrolyte used in 
this case being 1 per cent HNO 3 with 1-2 per cent AgNOg. The anode 
sludge from this silver refining process is treated chemically and then 
made into gold anodes. The gold is then refined electrolytically in a 
similar way, using gold chloride solution acidified with hydrochloric 
acid as electrolyte. 

The electrolytic refining of other metals (e.g. iron, nickel, tin) is 
only undertaken on a relatively small scale. 

3. Electmplatb}g and Galcanoplastics .—Electroplating with noble 
metals (i.e. the deposition of a surface layer of these metals by elec¬ 
trolysis) is used to improve the appearance of the surfaces of objects 
or to render them more resistant to mechanical wear or chemical 
attack. The electrolytic deposition of a metal upon the conducting 
surface of a sunk impression or negative of an object can also be used 
for the preparation of plastic reproductions. It is estimated that a 
total average continuous current of 5 million amperes is used for 
electroplating and galvanoplastic processes. 

The main problem of elf‘r-trop]atinii i« to deposit a smooth (i.e. microcrystal- 
iine) compact layer of mc:<d (-i' thickness and texture upon surfaces 

with very irregular depressions and elevations. In order to attain this, the objects 
to be plated must be scrupulously cleaned; in particular they must be freed from 
all traces of grease. Since the deposit only appears to adhere firmly when it can 
form an alloy with the metal of the base, it is necessary in certain cases to use 
an intermediate layer of a third metal. Thus silver will not adhere to iron, nor 
nickel to zinc; but a preliminary plating with copper removes the difficulty in 
both cases. In order that a smooth, microcrystalline surface layer may be ob¬ 
tained, it seems essential that the metal to he deposited shall be contained in the 
solution in the form of a complex salt. Solutions of complex cyanides are specially 
suitable, as they have the further advantage that the deposition is accompanied 
by high chemical polarization, so that non-uniformity at projections and depres¬ 
sions is avoided. The smoothness of the deposits is also enhanced by the pre- 
.sence of colloids (e.g. gelatine) in the plating solution. 

Tlie metals electrolytically deposited on tbe largest scale are 
zinc (galvanization of iron), nickel, copper, silver, and gold. Electro¬ 
plating with chromium and cadmium is now being carried out to an 
increasing extent. Non-conducting objects can also be plated with 
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metals. For this purpose they are first soaked in wax and painted 
over with gutta-percha lac, after which they are made conducting by 
being rubbed wnth powdered graphite and are used as cathode. 

Plastic reproductions of objects can also be made electrolytically 
(galvanoplastics). A negative of the original is first made in wax, 
gutta-percha, or jfiaster of Paris, and its surface is rendered conducting 
with powdered graphite. Negatives for the preparation of electrotype 
can be made by pressing the original with great force into soft lead. 

The metal usually deposited is copper, solutions containing 20 - 
30 per cent CuSO^ and 0*3-3 per cent H 2 SO 4 being employed. The 
current density is about 0*015 ampere per cm.“, or at higher tempera¬ 
ture and with adequate stirring 0*08 ampere per cm.-. The thickness 
of the deposit is generally from 0*15 to 0*25 mm. 

The copper electrotype so obtained is often not sufficiently resis¬ 
tant for the purposes of printing. A preliminary deposit of nickel is 
then used, and upon this a layer of copper. 

With electrotype of this kind one million 
copies can easily be printed. 

Another galvanoplastic operation car¬ 
ried out on a large scale is the manufacture 
of seamless copper tubing. 

The holders for the cathodes consist of 
rotating cylinders of cast-iron or brass (fig. 8). 

Beneath them are the anodes An, which have the 
form of arcs of coaxial cylinders. The deposited 
copper layer is continuously smoothed down by 
means of an agate shoe moving backwards and 
forwards along its length under pressure. The involved crystal disposition thus 
produced makes the deposit about three times as hard as ordinarv electrolytic 
copper. When the desired thickness has been reached, the cylindrical deposit 
can be slipped off its holder and drawn into tubing of very small diameter. 

4. Application of Electrolysis for the Quantitative Estimation of 
Metals. —The main problem of these methods is to precipitate the 
metal from its solution practically completely and in w’eighahle form 
(el^troanalysis). 

The evolution of hydrogen at the cathode is a deciding factor. If 
this takes place more easily than the deposition of the metal (as is 
the case for the metals from manganese to the alkali metals, see the 
table on p. 283), i.e. if the metal requires a considerably higher poten¬ 
tial than hydrogen for its liberation, then a quantitative deposition 
is impossible. Hence electroanalytic methods are employed chiefly 
for the estimation of silver, mercury, copper, bismuth and antimony. 

By reducing the hydrogen ion concentration, e.g. by addition of excess of 
alkali, or by the formation of complex ions containing the metal, it is possible 
also to deposit other metals quantitatively. Thus zinc may be precipitated 



Fig. 8.—Electrolytic manufacture of 
seamless copper tubing 
(Diagram after Grube.) 
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quaiititatiTely by electrolysis of art alkaline solution of the h}'clroxide, and nickel 
by electrolysis of an ammonia cal solution containing the ion 

In the case where several metals are present simultane¬ 
ously in the solution a quantitative separation and deposition 
is possible, provided that the respective deposition potentials 
are sufficiently ditferent from one another. Thus silver can 
be separated from copper or lead by electrolysing the solution 
at about 1-23 volt. This deposits the silver quantitatively, 
but leaves the copper or lead in solution. The rcm:'>ininu 
metal can then be deposited subsequently by applicritiou of 
a higher E.M.F. The apparatus (hg. (>) usually consists of 
a cathode of platinutn gauze and a spiral platinum anode. 
The rate of cleposition of the metal to be estimated can 
be considerabN increased by heating and agitation of the 
electrolyte. The time required for a copper estimation, for 
example, is about 10 minutes. 

Less “noble” metals can sometimes be deposited upon 
the anode. Thus JMn** is transformed into Mn*-” at the 
anode, where it immediately gives a firmly adhering deposit of manganese dioxide 
MnOof which can be weighed. Similarly lead can be deposited as PbO^ from 
solutions made strongly acid with nitric acid. 

Electrolysis of Sodium Chloride Solution.—Great commercial im¬ 
portance attaches to the electrolysis of common salt solution {sodiion 
eJiloride solution). 

The ions Na*, H‘, Cl' and OH' are present in the aqueous solution. 
Since the standard electrode potential (p. 283) of sodium is --2-71 
volts and that of hydrogen in neutral solution only —0*415 volt, 
hydrogen alone is liberated at the cathode during the electrolysis of 
a neutral solution between platinum electrodes. The potential of 
oxygen relative to a neutral solution is 4-0*82 volt, that of chlorine 
4-1*26 volt. Accordingly we should expect only oxygen to be liberated. 
But on account of the large overvoltage (p. 287) of oxygen upon 
platinum electrodes, it is chlorine which is actually evolved. Hence 
when a neutral sodium chloride solution is electrolysed between 
platinum electrodes, the substance liberated at the cathode is ex¬ 
clusively hydrogen, while at the anode the predominant product is 
chlorine. In consequence of the disappearance of H' from the water 
near the cathode, an excess of OH' is produced there, i.e. caustic soda 
is formed to some extent and the solution becomes alkaline. 

1. Preparation of Hypochlorite and Chlorate .—When mixed, the electrolysis 
products NaOH and Clo react to give hjq)oclilorite according to the equation 

CL 4- 2NaOH NaCl 4- NaClO 4- HoO. 

The hj-pochlorite solution is very widely used as a bleaching agent for textiles 
and ceUiilose articles. 

The NaClO reacts partially with the water to give HCIO according to the 
equation 





Fig. Q.—Electroanalysis 
apparatus 


NaClO 4- H.p ^ HCIO 4“ NaOH. 
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The hypo-chlorous acid then i^eacts with more sodium hypochlorite, givmg sodium 
chlorate, viz.: 

2HC10 -f NaCiO KaCiOs + 2HC1. 

By a suitable choice of •working conditions this reaction ma}” ho made to pre¬ 
dominate, so that in this way it is possible to prepare the valuable sodium 
chlorate from common salt. 

2. Preparation of Caustic Alkali and Chlorine .—In order to obtain the chlorine 
and caustic alkali separately, great care must be taken to prevent their mixing. 
Various methods have been worked out for this purpose. 

In one method a cathode of mercury is employed. The overvoltage of oxygen 
upon mercurj^ is very large. Moreover, the formation of an amalgam, which is 
soluble in excess mercury, reduces the electrolytic solution pressure of the alkali 
metal to such an extent that a direct discharge of the alkali metal ions can take 
place at the cathode (fig. 4, p. 145). The alkali metal amalgam can then Im 
removed and treated subsequently with water to give caustic alkali. 

In the other methods the mixing of the clectroh'sis products is prevented by 
the use of diaphragms or by keeping the electrodes far ai:)art. The various prac¬ 
tical forms of plant which have been evolved cannot be discussed further here. 
Some of the processes require currents up to IG.oOO amperes. 

Formerly there was hardly an adequate demand for chl<jrine and hvdroaen 
in the quantities in which they were produced by electrolysis. Xowada;vs, how¬ 
ever. both gases are used on a large scale, the Ipvdrogen being employed, for 
example, in oxy-hydrogen w'elding, for the hydrogenation of fats, in the synthesis 
of ammonia, &c. 

Oxidation and Reduction Processes. —Electrolysis can be used 
with great advantage for the purpose of oxidation (at the aiiofle) 
or reduction (at the cathode), there being no coiitaniiuatbjii of tlie 
solution as when chemical oxidizing or reducing agents are em¬ 
ployed. 

One electrolytic oxidation process which is carried out very extonsivel>’ is tla* 
preparation of potassium ferricyanide from potassium ferrocyanide in accordance 
with the equation 

[Fe(CN)J'" -> [Fe(CN)ord-(-). 

In Germany potassium permanganate is made almost exclusively by electrolytic 
oxidation of potassium manganate solution: 

[MnOd- -> [MnOJ^(-). 

Further applications are the preparation of persulphates, hydrogen peroxide, 
perchlorates, and also organic substances like iodoform. 

Electrolysis of Water. —Since hydrogen and oxygen are produced 
in sufficient quantities from other sources, the electrolysis of w'^ater has 
not yet attained importance. In actual practice the water is either 
acidulated with sulphuric acid and electrolysed between lead elec¬ 
trodes in a lead vessel, or else it is made alkaline with chloride-free 
alkali and. is electrolysed between iron electrodes, the anode some¬ 
times being nickel-plated. 
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Electrolysis of Fused Salts.—This is chiefly used for the preparation 
of alkali and alkaline earth metals, magnesium, aluminium, cerium and 
beryllium. 

Metallic sodium is mostly prepared by the electrolysis of fused sodium 
hydroxide at temperatures iipYo SSO"" C. in iron vessels with cathodes of iron 
and anodes of nickel. Tlic yield is reduced mainly by the \vater formed at the 
anode, but recent plant design obviates this to a great extent. Attempts have 
also been made to prepare sodium by the direct electrolysis of fused sodium 
chloride. On account, however, of the fact that the melting-point of sodium 
chloride is not far from the b-pouv of sodium, it is necessary to use a mix¬ 
ture of the fluorides and i-'a!- > • duni and potassium, by which means the 

melting-point of the electrolyte may be lowered from 800^ C. to about 600" C. 

Tlie world's output of metallic sodium in 1927 W'as about 25,000 tons. 

A dirticnlty arises in the preparation of metallic calcium by the electrolysis of 
fused calcium chloride CaCL, in that the calcium combines wdth the CaCh at high 
temperatures to form CaCl. To avoid this the cathode 
is only allowed to dip just beneath the surface of the 
melt and is gradually raised as its length increases 
b}” deposition of calcium. In this w^ay a long stick 
of calcium is obtained. A layer of crystallized calcium 
chloride prevents surface oxidation. 

Mctgnesia}n-\ isj^repared by the electrolysis 
of fused carnallite (KCI.MgCL.which 
possesses the advantages of lower water 
content and lower melting-point as compared 
with pure magnesium chloride. In a recent 
process the MgCl 2 "^sed up is replaced by 
allowing the chlorine liberated at the anode 
to react with magnesium oxide in presence of 
carbon monoxide, whereb}" magnesium chloride and carbon dioxide 
are formed. This oflers the very desirable possibility of using mag¬ 
nesite (naturally occurring MgCOg) as starting material. The annual 
world’s production of magnesium is about 2000 tons. 

The most important process of this type is the electrolytic pre¬ 
paration of alumniiim^X The material used is a solution of ALO^ in 
cryolite (NagAlFg). Other substances (e.g. CaFg) are added to lower 
the Tr.oltire-poh't. The bottom of the electrolysis vessel forms the 
cathode, in order that the molten aluminium deposited there may 
not rise to the surface, the specific gravity of the melt must be smaller 
than that of the metal. The electrolysis vessel (fig. 10) is a wrought- 

* Although first isolated electrolytically by Davx in 1808, potassium and sodium 
were formerly prepared commercially by reduction of the carbonates with carbon. 
Xot until 1890 did Castxer take out the first patent for the preparation of the alkali 
metals by electrolysis of the fused hydroxides. 

f This metal was prepared by Fabaday by the electrolysis of fused MgCl^. Further 
experiments were later carried out by BrxsEX, w’ho obtained a yield corresponding 
to 60 per cent of the electricity used. 

X First prepared by Bvxsex and St. Claire-Beville in 1854 by the electrolysis 
of XasAlClg. 



Fig. 10.—Diagram of the 
electrolytic preparation of 
aluminium. 
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iron tank B witli a lining K of pressed and previously ignited carbon. 
The anodes A}^ are blocks of carbon. The electrolyte is first melted 
by xdacing thin carbon rods between the anodes and the cathode. 
These rods become hot owing to the passage of a current, and the 
electrolyte around them melts. When this process has gone on for 
a sufficient time, the rods are removed and the electrolysis is begun. 
Plants are constructed to take 16,000 amperes at 6 to 7 volts with an 
anodic current density of 1 to 2 amperes per cm.^. The world output 
of aluminium in 1928 was about 250,000 tons. 

Concerning applications of the electric furnace (preparation of 
carlfide, &c.) see p. 357. 



CHAPTER X 


The Conduction of Electricity in Gases 
and in High Vacua 

1. Induced Conduction at Relatively High Gaseous 
Pressures. 

Fundamental Experiments.—The experiments described in con¬ 
nexion with electrostatics have shovm that under normal conditions 
of pressure and temperature air and other gases are excellent insulators, 
provided that the field strength is not too great. Only at very high 
field strengths, such as are produced by the crowding of the lines of 
force at angular projections and points or by the use of very great 
potential gradients, did we find that the insulation of the air broke 
dovni. We also observed conduction in gases at very high temperatures, 
e.g. in the flame gases of a Bunsen burner. Reduction of pressure 
likewise caused conduction in gases at relatively small field strengths, 
as was shown in the experiment of fig. 14, p. 140. 

We will now consider what conditions must be fulfilled in order 
that there may be conduction through a gas. Let us first take a very 
simple example illustrating the nature of the processes involved. 

Between the plates of a charged condenser w’e suspend a small, light, con¬ 
ducting ball upon an in.sulating thread. As a result of induction the ball is attracted 
to whichever of the plates is nearer to it. On contact with this plate it assumes 
a charge of the same sign, and is therefore attracted at once to the other plate. 
Here it gives up its charge and becomes electrified oppositely from before. It is 
then attracted back again to the first plate, and the process is repeated a large 
number of times. In this way a large fraction of the charges of the condenser 
plates may be neutralized. A similar process of neutralization also takes place 
when an electrified ebonite rod is held over a pile of paper snippings or pith balls. 

The expeiiments of § 8, p. 47, upon suspended charged particles 
furnish another similar example of conduction, in this case by micro¬ 
scopic smoke particles or liq^uid droplets. In these cases the particles 
cannot become charged at the condenser plates; for they remain cling¬ 
ing to these plates when they come into contact with them. The 
particles must therefore be charged before enterhig the field. In the 
experiments quoted the particles were electrified during their original 
production—the smoke particles by heating and the liquid droplets 

29S 
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in tlie manner explained on p. 106. Observation sbowecl that both 
positively and negatively charged particles were present. Such particles 
are attracted towards the oppositely charged condenser plates, with 
which they finally come into contact. In this way the charge of the 
condenser is ovont’in‘'.''y neutralized, provided that there is a suffi¬ 
ciently large number of particles. 

The case is essentially similar to that of electrolytic conduction, 
except that there the charges of the ions, being determined by chemical 
properties, are associated with quite definite quantities of matter in 
each particular case, whereas in the present case of conduction in gases 
any particle may carry a charge of any amount and of either sign. 

The neutralization of opposite electric charges through a gas by 
means of charged particles which are either brought in from outside 
or charged in situ by some external influence may be called induced 
conduction. The charged bodies or particles to which the conduction 
is due will be referred to as carriers of electricity or merely carriers.*'^ 

Our reason for referring 
to this type of conduction as 
imlucecl conduction is that kVa 
the current is not produced 
liy the simple application 
of a potential difference, but 
only after carriers have been 

brought into the field or -n, . , , . . 

1 ,1 T Fig. I.— Electrical conduction due to 

produced there by some ex- particles of fine powder 

ternal influence. 

Production of Carriers. — Many methods are known by which 
carriers are produced iii a gas. Of course the carriers may be so small 
as to be invisible even under the microscope; indeed we must expect 
that charged molecules or molecular complexes will be able to act as 
carriers. On p. 304 we shall become acquainted with a method of 
calculating the size of carriers even when they can no longer be seen 
under the microscope. 

The following are some methods of producing carriers. 

1 . Ffiction .—When two different substances are brought into con¬ 
tact (especially when the contact is very intimate—friction), the oppo¬ 
site charges are separated (p. 106) and the bodies become charged. 
By using fine powders charged carriers of both signs can he readily 
produced in large quantities. 

For the production of positive carriers a suitable substance (after Kuxdt) is 
red lead; for negative carriers, flowers of sulphur (see also p. 95). When a mix- 

* In many quarters it has become customary to use the name io7is for the charged 
bodies or particles which transport the electricity through a gas. In this book, however, 
the name ions will be reserved for charged atoms or groups of atoms whose charge 
corresponds (in magnitude and sign) with their chemical character in the manner 
with which we have already become acquainted in dealing vith electrotysis. 
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ture of these powders is blown gently through a metal vessel and the charged 
dxist allowed to pass through a condenser charged to (sa^O 220 volts, the current 
(about 10“® ampere) due to transport by the carriers can be detected directly 
with the help of a sensitive galvanometer. A suitable type of condenser for such 
an experiment is shown in"^fig. 1. The one electrode consists of a long metal 
tu] 3 e whose cross-section decreases gradually near its ends. The other is a metal 
rod with rounded ends, lying along the axis of the tube and supported by an 
insulated metal rod to which connexion can be made. 

\Mien a current of air containing the mixed powders is blown through such 
a condenser, the carriers are attracted towards the electrodes, which they strike 
with relatively high velocity (see below), becoming discharged and remaining for 





Fig. 2.—Electrical removal of 
dust (after Cotrell-Moller) 

E, gas inlet; A, gas outlet; 
D, dust deposit. 


Fig. 3.—Elster and Geitel elec¬ 
troscope. S, screen to cut off 
earth’s field. 

[Gunther & Tegetmeyer, 
Brunswick.] 


the most part adhering to the surface. Thus when red lead and flowers of sulphur 
are used, the former is deposited and held upon the negative pole and the latter 
upon the positive pole. 

Electrical JReynoval of Dust .—This method is used on a large scale for the re¬ 
moval of dust from the waste gases in mills, cement factories, mines, &c. Since 
the dust particles are not all originally charged, they are charged up as they pass 
through the condenser by a normal discharge between the plates (corona, p. 349). 
The quantities of dust precipitated in large-scale plants are very considerable. 
Thus in a lead mine, for example, where the light suspended dust was collected 
in this way, about 3 tons of material (90 per cent content of lead) were obtained 
daily for an energy expenditure of 190 kilowatt-hours. The principles of the 
construction of such a commercial plant are shown in fig. 2. 

2 . Waterfall Electrification ,—The air in the neighhonrhood of 
waterfalls is noticeably conducting. As Lejstaed has shown, this is 
due to the presence of charged water droplets formed by the breaking 
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lip of larger iincliarged drops. The fundamental nature of this kind 
of electrification has already been discussed in detail in § 18, p. 106. 

The arrangement shown in fig. 3, devised by Ulster and Geitel, 
is often used to detect the very small conductivity of air in the open. 
It consists of a leaf electrometer carrying a cylin¬ 
der Z in conducting connexion wdth the leaves. 

The electrometer is given a charge and the poten¬ 
tial fall is observed as a function of the time. 

3. Gloiving 5oc?ies.-“When a glowing match is 

brought between the plates of a charged con¬ 
denser (fig. 4), there is an immediate fall in the 
potential difference. The air between the plates has 
therefore been rendered conducting, A special case 
of this kind is the conductivity of flame gases, which . 4- — Conduction 

j 1 1 *^1 1*1 to the prt'S- 

may easily be demonstrated by repeating the ex- ence of a giouing body, 
periment with a small Bunsen flame (see also p. 23.) 

4. Light and X-mys .—The potential of a charged condenser also 
falls off when the negatively charged plate K (fig. o). which in this 
case should be a freshly amalgamated zinc disc, is illuminated through 
a quartz lens Q by an intense beam from an arc lamp L with iron 
electrodes. The radiation from such an arc is verv rich in short wave¬ 



length ultra-violet. In the arrangement shown in the figure the con¬ 



denser is a leaf electrometer, the otlnn* 
plate being the earthed casing A ami the 
surroundings. 

A relatively large conductivity is also 
obtained by passing a beam of X-rays 
(p. 347) between the plates of a coiK.lfUiser 



Fig. 5.—Conduction due to light 


Fig. 6.—Conduction due to X-rays 


(fig. 6). Observations of the motion of the carriers produced in 
these ways have already been described in § 8, p. 48. 

5. Radioactive Substances ,—Radioactive substances also give off 
rays which render the air conducting. Thus -when an intense radium 
preparation is brought near to a charged electroscope, the potential 
difference falls off very rapidly even when the radioactive substance is 
still at a considerable distance. This experiment can also be carried 
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out, as in fig. 7, by placing a quantity of pitchblende (naturally 
occurring uranium mineral), uranium salt, or old gas mantle (active 
on account of the thorium content) upon 
one of the condenser plates. A very sen¬ 
sitive galvanometer or electrometer must 
be used to indicate the current. 


-IF—11 

Fig. 7.—Conduction due to Fig. 8.—Capture and re¬ 
presence of rays from a radio- moral of carriers out of the 

active substance. field. 

Removal of the Carriers out of the Field.—The following experiment provides 
elegant proof that in all these cases the conductivit}' is due to electrically charged 
particles, even though there are no visible carriers. 

We place a small Bunsen flame midway between the plates of a condenser 
(fig. 8). The current read off upon the galvanometer A indicates the conduction 
through the air between the plates ^\■hen a potential ditferenc-c 
is applied. Near to the condenser we place a small metal cylin¬ 
der M with one end open and the other covered with wire 
gauze. This cylinder is connected through an electrometer V 
to earth. We now blow a current of air transversely through 
the field into the cylinder on the right of the flame. The elec¬ 
trometer V is deflected, indicating a positive charge upon the 
cylinder. We now repeat the experiment with an air current 
on the left of the flame, and find that the cylinder becomes 
negatively charged. Thus we can blow away and capture the 
carriers as they are drawn out of the flame by the electric 
field—the positive carriers to the right towards the negative 
plate and the negative carriers to the left towards the positive 
plate. 

The Variation of Current Strength with Applied 

aton of~hTcuj" Difference. Ohm's Law. — In order to iiivesti- 

strengthens gate the current strength as a function of the applied 
F^in cLduc^ difference, the air between the plates of a 

tion thiough a gas. condenser may be rendered conducting by means of a 
radium preparation P (fig. 9). The circuit also includes 
a galvanometer A and an arrangement for applying any desired E.M.F. 
The latter may come from a battery of accumulators or a potentiometer 
(p. 233) fed from the direct-current mains. By increasing the num.ber of 
accumulators in circuit or by altering the slider position of the poten¬ 
tiometer the E.M.E. between the condenser plates may be increased 
at will. Beginning with low joressures, say 20, 40 volts and so on, we 
find proportionality between current and pressure, i.e. Ohm’s law is 
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obeyed. TMs corresponds to the initial portion, from A to B, of the 
curve in fig. 10. Since the conduction is due to the motion of charged 
particles, the considerations put forward in § 3, p. 271, are also appli¬ 
cable in this case. Thus the validity of Ohm’s law proves that the 
carriers move against a frictional resistance, so that a constant force 
produces a constant velocity. It proves further that the number of 
carriers is not altered in the process, i.e. that the niunber of carriers 
which give up their charges to the plates is small compared with the 
total number of carriers present. 

Saturation Current .—Further increase of apifiied potential dif¬ 
ference causes the current strength to increase more sIoayIv than would 
correspond to direct proportionality (portion B to C of the curve, 
fig. 10). At sufficiently high pressures (perha|)s above 100-150 volts 
according to the strength of the radioactive preparation) the current 
remains constant (portion of the 
curve from C to D). This maximum 
current in a conducting gas is called 
the saturation current. 

The explanation of this behav¬ 
iour IS as follows. The deviation 
from Ohm’s law between B and 0 0 — 

on the curve must be due either to Fig. lo.—Current E.M.F. curve for con- 
a modification of the velocitv-force 

law at high velocities, or else to a to saturation current strength.) 
considerable reduction of the number 

of carriers by discharge at the plates. The existence of a saturation 
current (C to D on the curve) decides definitely in favour of latter 
explanation. As the E.M.F. is increased, more and more carriers are 
discharged per second, until finally the rate of discharge is equal to 
the rate at which the carriers are produced (in this case by the rays 
from the radioactive preparation). The current strength must then 
remain constant, there being no more carriers available for an increase. 
Thus the quantity of electricity flowing per second in the saturation 
current is equal to the sum of all the charges of the carriers generateii 
per second, in the space through which the current flows.The cor¬ 
rectness of this explanation is shown by the following experiments. 

Tlie saturation current produced by two radium preparations acting together 
is equal to the sum of the saturation currents produced by the same preparations 
acting independently in the same positions relative to the electrodes. 

The following remarkable phenomenon is also explained by the same theory. 
It is found that the current strength increases when the plates are moved farther 
apart: whereas we should ordinarily expect iV.e (thvt«.■.■. ]!'! j: to the greater 

resistance which the larger air column would presumably otier ro the passage 
of the current. The reason for the observed increase of current strength lies in 

* Neglecting the recombination of oppositely charged carriers (p. 309). 
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the increase of the number of carriers generated between the electrodes by a 
radioactive preparation when the volume of the condenser is made larger. 

The existence of a saturation current proves, therefore, that all 
the carriers can be removed from a gas by the application of a suffi¬ 
ciently strong field. 

This can be demonstrated with the apparatus shown in fig. 11. The carriers, 
produced in this case by a glowing platinum wire P, are blowm along in an air 
current so as to pass successively' through two cylindrical condensers and Z._>. 
IVlien no potential difference is applied to a potential difference applied to 
Z. causes a current which may be read off upon the galvanometer A. As now an 
increasing potential difference is applied to Zj, the current across Zo decreases 
and finally stops altogether. The explanation is that a sufficiently high E.M.P. 
across Z.^"captures ail the carriers there, leaving none to transport a current 
in Zo. 

Measurement of the Velocity of the Carriers in an Electric Field.— 

In order to obtain information as to the nature (especially as to the 



Fig. II.—Removal of carriers by a sufficiently strong electric field 


size and mass) of the carriers produced by the above methods, it is 
necessary first to measme the velocity with which they move in an 
electric field. Since in most cases the particles are invisible, indirect 
methods must he employed. The simplest is the determination of the 
current-E.M.E. curve for the case of a gas flowing through a cylindrical 
condenser. 

In order to arrive at quantitative relationships, we will suppose 
that the concentration of carriers entering the condenser is constant, 
and that all the carriers are charged with the same sign. Let V be the 
volume of gas passing any cross-section of the cylinder in unit time. 
Let n be the iiiimher of carriers per unit volume, and e the charge 
carried by each. Then when there is no potential difference between 
the outer cylinder A and the inner cylinder I (see fig. 12), no carriers 
are captured in the condenser and the quantity of electricity passing 
per second through any cross-section of the condenser in the direction 
of the gas current is Yne. Now let a field be applied, between A and I, 
the sign of the outer cylinder being the same as that of the carriers. 
The carriers will be drawn inwards towards the cylinder I and will 
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move along curves like those shown in fig. 12, the velocitv of a carrier 
at any instant being given in magnitude and direction by combining 
the axial velocity of flow with the radial velocity produced by the 
electric field. Let I be the velocity imparted to a carrier by an electric 
field of unit strength, i.e. the mobility. The corresponding velocity 
in a field of strength E will be w =- ?E. If and are the radii of 
the outer and inner cylinders respectively and U the potential 
difference between them, the field strengtl/E,. at a distance r from 
the axis is 



U 


(see § 13, p. 76). The radial velocity 
of a carrier at this distance from the 
axis is therefore 


A 



IE,= 


IV 


B 

Fig. 12.—Motion of a carrier in passing 
through a cylindrical condenser 


Let the velocity of flow of the gas in the direction of the axis 
be u. Then the axial distance x travelled by a cariler wliile nioxriig 
inwards from its initial radial distance /q (i.e. its distance from the 
axis on entry) to the radial distance r is given ])y 


X ~ 


ssr; 


3 

^'i 


where (dependent upon U) is the volume of gas flowing per 
second through a cross-section of the space bounded by two cvlinder.s 
of radii and r. (The derivation of this ecpiation need not be given 
here.) 

Putting fQ = Ta obtain a value of x [d say) given by 


d = log-. 

OttZL ^ I'i 


The distance d is thus the maximum axial distance traversed by any 
carrier in the given field before arriving at the inner electrode. The 
carriers which actually travel the axial distance d must have entered 
the condenser at the maximum radial distance from the axis. All 
carriers entering nearer to the axis than this arrive at the iimer elec¬ 
trode after a shorter axial distance. Beyond a distance d, therefore, 
there are no more carriers in the gas (compare the experiment of fig. 
11 ). 

Under the conditions assumed above, namely when the conduction 

(E617) 21 





306 


ELECTRICITY IN GASES AND HIGH VACUA 


is due to carriers of definite mobility all charged with the same sign, 
the variation of current strength with increasing potential difference 
is of the type shown graphically in fig. 13. When the E.M.T. is small, 
only a few carriers are caught by the electrode, namely, those that 
are very close to it on entering the condenser. As the E.M.F. is in¬ 
creased, more and more carriers are caught, until finally all of them 
(even those entering the condenser near the outer electrode) are dis¬ 
charged at the inner electrode. This corresponds to the point A of the 
curve of fig. 13. The potential U is then obviously such that the value 
of d calculated from the above equation is just equal to the length of 
the inner electrode. This involves the assumption that the field within 
the condenser is accurately radial and not 
affected by the conduction process itself. 
The value of V in the equation can be 
measured by suitable gas meter. All the 
quantities are then known with the excep¬ 
tion of I (the velocity of a carrier in unit 
field), which can be calculated. 

When the carriers have different mobili¬ 
ties, as is usually the case, we get a curve 
of the type shown in fig. 14. The mobility 
of the most mobile carriers can then be cal¬ 
culated from the point A' -where the first 
change of direction occurs, and the mobility 
of the least mobile carriers from the point 
A" w’here the direction changes finally. 




Figs. 13 and 14 . — Mobility We almost always have to do with gases eon- 
cun-es. (Absciss®, E.M.F.s; taining carriers of both signs. In general, therefore, 
or mates, current strengt s.) ^ galvanometer cannot be used to investigate the 

carriers of one particular sign. The method em¬ 
ployed instead is to earth the outer electrode and connect the inner electrode 
with an electrometer. Measurement of the rate of charging of the electrometer 
then gives the current due alone to the carriers of opposite sign from the 
inner electrode. 


Let us represent the mobility of a positive carrier by ?+ and the 
mobility of a negative carrier by l~. Experiments upon air at atmo¬ 
spheric pressure and room temperature have shown that = 1*37 
and l~= 1*89 cm./sec. per volt/cm. The ratio is thus approxi¬ 
mately equal to 1*38. Very slow carriers, whose mobility is of the 
order of 10“^ to 10“^ cm./sec. per volt/cm., are also frequently observed. 
In hydrogen the rough values of the mobilities are = 6 and U = 8 
cm./sec. per volt/cm. 

Relation between the Velocity of a Carrier in an Electric Field and 
its other Properties.—^Every carrier is subjected to collisions with the 
molecules of the gas in which it is situated. Let m and M be the masses 
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of the carrier and gas molecule respectively, both of which are assumed 
to be spherical. Eurther let v be the component velocity of the carrier 
in the direction of the electric field just before its collision with a gas 
molecule. For the present we may assume the gas molecules to be at 
rest on an average. Then after the collision the component of the 
carrier’s velocity in the direction of v, i.e. in the direction of the electric 
field, will on the average be + M). (See Vol. I, p. 215.) Thus 

one collision produces on the average a diminution Mrd- M) in 
the component of the carrier’s velocity in the direction of the electric 
field. In the stationaiy state this velocity diminution is balanced by 
the acceleration imparted to the carrier between its collisions by the 
electric field of strength E. If A is the mean free path and the mean 
velocity of the molecular motion of the carrier, then is the mean 
time between twm collisions and therefore 

eEA _ Mv 
m + AT 

where e is the charge of the carrier. The observed velocity iv in the 
direction of the field is the mean velocity in the periods of uniformly 
accelerated motion between the collisions, i.e. 

mv , , cEA 
= -TTt 'b i--• 


Substituting the value of v from the previous equation, we have 



Now the mean free path A of a foreign molecular species present in 
small quantity in a gas (i.e. of the carriers in the present case) is 


A = 


n'TTS^^ 


(comjDare Vol. II, p. 60), where Vg is the mean molecular velocity of 
the gas, n' the number of molecules per imit volume, and a the sum of 
the radii (r and E respectively) of a carrier and a gas molecule. Sub¬ 
stituting this in the above equation, we obtain 

= (l_ _l\ 

^ n'TTS^ VV 

Putting m/(m+ M) = ju and remembering that the density of the 
gas is given by p = n'M. and that = Vg we obtain 

eE 1 + n- 
. 7^- 

prrs^Vg 2v^ 
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Taking account of the Maxwell distribution of velocities and the Clausius 
distribution of paths (instead of calculating, as above, with mean velocities and 
mean paths), we obtain an additional factor O in the above expression for ic. 
The values of O when == 0, h 1 are respectively H 4, 1-4, 1. 

The value for w requires further correction on account of the error introduced 
by assuming that the gas molecules are (on an average) at rest. This gives another 
factor 3/(3 -f- g)* 

On the whole; therefore., we obtain the result: 

eE 1T ^ rv 

-— , - - . 5 -^- . 12 . 

p7TS- v^ - V /x 3-J-M 

Special Cases.—{a) When /x is ])mc:tical]y equal to zerO; i.e. when 
the mass of the carrier is very small compared with that of a molecule, 
we have 

cE 

piTS- Vg ' y/jLX* 


{h) When /x 


I (carriers are simple gas molecules), we have 


^v~ 


pTTS'^Vg' T 


[c) When /x = 1 (very large carriers), we have 


eE 

pTTS^ l\j 


In actual cases trial values of s, and hence of r, are calculated from 
the measured value of hk using each of the above three S23ecial formiilge 
ill turn. The right value of /x can then be ascertained and enqiloyed 
for the accurate calculation of r. 

Properties of the Carriers in Atmospheric Air.—The cl targe of the 
carriers has been found in most cases to be equal to that carried by 
a univalent ion in electrolysis, i.e. one elementary or electronic charge. 
This was sho\^Ti directly (Millikan) by observations of the varia¬ 
tions of the charge of visible particles using the suspension method 
of Ehrenhatt (p. 48). Carriers w^ere generated in the neighbourhood 
of the particle under observation, and the collisions of the carriers 
with the particle were followed by measurement of the variations of 
the charge on the latter. Comparatively very large though still micro¬ 
scopically imusible carriers also appear in general to bear only one 
elementary charge. Hence in the above formula for the velocity in 
an electric field we may substitute for 6 the charge of an electron. 
In the case of visible carriers, however, very high mnltiples of the 
elementary charge are sometimes observed. 

Size of the Carriers .—The normal ” carriers with a mobility of 
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the order of magnitude of 1 cm./sec. per volt/cm. prove to have a 
radius about 3 to 5 times that of a molecule. Hence they doubtless 
consist of molecular aggregates or complexes. We must assume that 
the original carrier, consisting probably of a single charged molecule, 
very rapidly attaches to itself a few other neutral molecules (especially 
water molecules) and then remains in this state, provided that the gas 
contains no large suspended particles. But when there are also large 
suspended r-ortV-jr-.s. either solid or liquid (so-called '' condensation 
nuclei ”), the carriers soon become attached to these, thus becoming 
relatively large. These are the carriers of very low mobility already 
referred to above. 

The increase in size (" ageing ”) of carriers has been observed in 
many cases by the corresponding decrease in mobility. Abnormally 
high mobilities are often observed in the case of negative carriers. It 
is very probable that these very mobile negative carriers are not 
material particles but electrons (see below), to which the conduction 
(e.g. in flames) is at least partially due. 

The Eecomhination of Carriers.— As is proved at once by the fact 
that a conducting gas can be passed through a cylindrical condenser 
(see, for example, the experiment of fig, 1. p. 299). oppositely charged 
carriers can remain together in a gas for a considerable time without 
combination. This is because the mean distance of separation of x]w 
carriers, whose number is at most only about 10“^^ of the num},)er of 
gas molecules, is very great in comparison with the charges they bear, 
so that the mutual electrostatic attraction is probably practically 
negligible. Recombination is occasioned almost exclusively by col¬ 
lisions due to thermal agitation. In a gas containing a mixture of n 
positive and 7i negative carriers per unit volume, the rate of decrease 
of the number of carriers is given by 

dn ^ 

— = — an-. 

dt 

It is thus proportional to the square of the instantaneous carrier con¬ 
centration. The constant a is called the coefficient of recon thin at ion. 
Its dimension is [sec.“^]. Eor air under normal conditions its value is 
about 1-6 . 10“® sec.“^. 

Diffusion of the Carriers. —The carriers share the thermal agitation 
of the gas, thus acting like a small addition of another gas. Hence 
they show the phenomena of diffusion, moving on the average from 
regions of greater concentration to regions of lesser concentration. 
The diffusion coefficients for " normal ’’ carriers in air have been found 
to be D+ = 0*03 and D” = 0*04 cm.^/sec. Since these figures give the 
excess of carriers moving in the direction of a concentration gradient 
of unit magnitude, the greater mobility of the negative carriers is once 
more apparent. Experiments upon neutral gases show that those with 
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large molecular weights have diffusion coefficients of about the same 
magnitude as that given above for the carriers. This furnishes addi¬ 
tional evidence that the carriers are molecular complexes. 

Condensation Nuclei.—(Compare Vol. II, p. 67.) Supersaturated water 
rapour will condense upon relatively large suspended particles. Such particles 
are formed principally in chemical reactions, e.g. when air is irradiated with 
short wave-length radiation with formation of nitrogen compounds, ozone, hydro¬ 
gen peroxide, ifcc., and during combustion (smoke particles). Such condensation 
nuclei are also formed in the neighbourhood of concentrated sulphuric acid by 
the clustering of water molecules around the HoSO^ molecules in the vapour. 
Since the electrically charged carriers readily cluster in this way or attach to 
themselves clusters of neutral gas molecules, they too can form condensation 
nuclei. A current of steam issuing from a nozzle is very sensitive to the presence 
of such nuclei (Heliviholtz). Thus the previously almost invisible current of 
steam becomes intensely white (owing to the rapidly condensing water droplets) 
when a glowing match or a rod moistened with concentrated sulphuric acid is 




Fig. 35.—Condensation of a jet of 
steam upon nuclei 



Fig. 16.—Action of condensation nuclei 


held near it (fig. 15). From the colour of the cloud of steam it is possible to draw 
conclusions as to the size of the nuclei. 

The condensation of saturated water vapour only takes place in presence of 
condensation nuclei. This can be demonstrated with the apparatus shown in 
fig. 16, which consists of a glass bulb fitted with two wide-hore taps and con¬ 
taining a spiral of platinum wire -which may be heated to redness by an electric 
current. The interior of the bulb is weU wet with -water, so that the air within 
it is saturated with water vapour. The platinum spiral is first left cold and the 
bulb put into communication with the outer atmospheric air by opening the left- 
hand tap, the other tap, which is connected to a suction pump, being kept closed. 
The first tap is now shut and the second one opened for a moment. A thick cloud, 
which can be seen very well when ffluminated strongly from the side, is formed 
within the bulb. The sudden fall of pressure on opening the second tap caused a 
corresponding sudden faU of temperature (see VoL II, p. 96) and a consequent 
condensation of the already saturated water vapour. The experiment is repeated 
several times, the cloud being aUowed to settle before each repetition. It is 
observed that the cloud becomes less and less dense, until finally no cloud is 
formed at aU; only wFen the rarefaction is great is there still a slight condensation 
of reiativelj-' large drops (see below). The platinum wire is now heated to redness 
for a short time and, after a sufficient wait for the temperature of the air to re¬ 
sume its normal value, the experiment is repeated once more. A thick cloud is 
again formed. The condensation nuclei given out by the platinum wire and the 
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carriers adhering to them (see also the experiment of fig. 11) have once more 
made condensation, possible. 

The Wilson cloud-cMniber is an extremely fruitful application of this pheno¬ 
menon for the detection of carriers by means of their attachment to conden¬ 
sation nuclei. The principle of the cloud- 
chamber is the same as that of the experiment 
just described; but the magnitude of the pres¬ 
sure fall can be more exactly controlled, and 
the apparatus is designed to eliminate as far 
as possible the formation of vortices during the 
expansion of the gas, so that the spatial dis¬ 
tribution of the nuclei may be determined. 

Fig. 17 shows a practical form of Wilson cloud- 
chamber. WTlson * found that there is no 
visible condensation when the gas is expanded 
to 1*25 times its original volume, provided Fig. 17 .— Wilson cloud-chamber (after 

that the nuclei originally present have been Shimizu). X, cloud chamber; gbss 
removed. When carriers are present, however, piston, 

condensation begins at this expansion ratio, 

only the negative carriers being effective as nuclei. Above the expansion ratio 
1-31 the positive carriers also become effective. Above 1-38 cloud formation 
takes place upon the water nuclei even when there are no carrier.s. According 
to Lexabd the difference in the behaviour of the negative and posith’e carriers 
is due to their difference in size, as indicated by theh difference of mobility 
(p. 309). Figs. 53 to 55 (pp. 336 to 337) are reproductimis of photographs 
obtained by the Wilson cloud-chamber method. 

2. CoBduction of Electricity in High Vacua. 

Spontaneous Conduction in a Vacuum.—If the air lie removed as 
completely as possible (with modern pumps—see Vol I. § 1- p. 3bl— 
pressures of 10~^ mm. Hg can readily be attained) from between two 
electrodes, very high field strengths may be applied without a lireak- 
down of the insulation. A vacuum is the best insulator known. 

The application of extremely high field strengths, however, produces 
spontaneous conduction. The tension of the lines of force is then 
so great that the electrons are torn right out of the negative electrode. 
Field strengths of about a million volts per centimetre at the cathode, 
produced either by using a cathode of very small radius of curvature 
or by placing the electrodes very close together, are necessary in order 
to give this effect. It is found that the discharge takes place at certain 
points of the cathode, probably at very small irregularities of great 
curvature where the effective field strength may be estimated at 
100.10® volts/cm. 

Induced Conduction in a Vacuum.—is possible by certain methods 
to induce conduction between electrodes in a vacuum even at very 
low field strengths, the most important of these methods (compare 
p. 301) being (i) illumination with nltrawdolet light and (ii) heating. 

*C. T. R. Wilson (1869- ), British physicist, Jacksonian professor of natural 
philosophy, Cambridge, since 1925; Nobel prizeman, 1927. 
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When a potential difference (say 220 volts) is applied between the 
electrodes of the evacuated tube shown in fig. 18 and the negative 
electrode K is illuminated with ultra-violet light from a source L through 
a cjuartz window F, a current is observed in the galvanometer G 
(photoelectric effect* see VoL V). 

A simpler method, used almost exclusively in modern applications, 
is to generate the carriers by means of an incandescent solid. The 
arrangement commonly employed is shown in fig. 19. The one elec¬ 
trode consists of a loop of Avire (made of tungsten, often containing a 
very small amount of thorium or coated with a layer of certain oxides, 
see p. 319), which can be heated to incandescence within the highly 
evacuated tube by means of an external heating battery HB carried 
upon an insulated support. A potential difference is applied (say from 



Fig. iS.—Conduction through a vacuum by 
ilJuniinntion of the cathode 






jB[:B 


Fig, ig. — Conduc¬ 
tion through a vacuum 
by carriers emitted 
from an incandescent 
cathode. 


the direct-current lighting mains) between this filament and the other 
electrode. When (and only when) the incandescent filament is the 
cathode, a current passes through the tube and causes a deflection of 
the milliamperemeter A (thermionic emission, p. 365). 

In these experiments it is foimd that a current only passes across 
the vacuimi when the process inducing it takes place at the cathode. 
From this we conclude that the conduction is due here to negative 
carriers emitted from the cathode {cathode rays, p. 323). 

We must expect an essential difference between the processes of 
conduction in a vacuum and in gases at relatively high pressures or in 
electrolytes. For in the latter cases the carriers are subjected to the 
frictional resistance of the surrounding medium, whereas in a vacuum 
there is no such resistance. Thus in gases at relatively high pressures 
and ill electrohd^es a constant electric force causes the carriers to move 
with a certain uniform velocity, but in a vacuum the motion of the 
carriers under the influence of a constant electric force is accelerated. 
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like tkat of a body falling tbrongb a vacuum under the influence of 
gravity. 

In the case of conduction by carriers moving with friction the 
velocity of migration w is proportional to the field strength E, i.e. 
w = E? where Z is a constant (the mobility). But in the present case 
of conduction by carriers moving through a vacuum the velocity 
attained will also depend upon the distance d over which the electric 
held E acts, i.e. upon the product Ec/, which is equal to U, the potential 
difference. Thus the terminal velocity v and hence also the kinetic 
energy W/,. == ^mv‘^ of the carriers (/n = mass of carrier) is determined 
only by the potential difference between the electrodes. The work 
corresponding to the motion of a charge e (the charge on a carrier) 
through a potential difference U is eU (p. 29). Hence for a carrier 
moving freely we have 

eU = ^ 

Thermal and Luminous Effects 'produced by the Carriers at High E.M.F.s .— 
The carriers bombard the anode with this kinetic energy which is thereby 
transformed to a large extent (p. 349) 
into heat. At sufficiently high 
E.M.F.s (800-1000 volts) the anode 
is observed to become red hot. 

In consequence of their high 
velocities the carriers are also able 
to render certain substances lumi¬ 
nous, e.g. zinc silicate containing 
manganese. With the help of a 
screen covered with such a substance it can easily be shown that the carritTs 
are propagated in straight lines from the catlnxle K. An anode A with a hole 
in it is used (fig. 20). The carriers fly through the hole and produce a sharp imaue 
of it upon the screen FI set up behind the anode (U = 590-1000 volts). 



Fig. 20.—Rectilinear propagation of the 
cathode particles in a vacuum 


Determination of the Nature of the Carriers causing Conduction 
in a Vacuum.—The carriers are characterized by their charge e and 
their mass m. Now we have already derived an equation connecting 
these two quantities with the easily measurable quantity L . This 
equation can be re-tvritten in the form 


2U = 


V 


2 


(e/w)* 


In addition to e and m this contains a third unknown, namely r. 

The following is a slightly difierent method. Under the assumption 
(which will be shown later—p. 321—to be justified) that alj the par¬ 
ticles have the same e and w, the total kinetic energy of N particles 
is N times that of one particle, i.e. NWAssuming fiuthei (as is also 
justified, see p. 349) that this kinetic energy is transformed practically 
completely into heat energy, we can calculate NW ^;, from the heating 
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effect at the anode. The quantity of heat evolved being H, we have 
the equation 

H - NW;, - 

Now the product Ne is equal to the total quantity Q of charge trans¬ 
ported, which can be measured by observation of the current. Sub¬ 
stituting N = Q/e in the last equation we obtain H ~ ^mv^Qje or 

Q “ {e/m.y 

i.e. the same quantity as in the first equation above. 

It is also possible to determine the velocity of the particles directly 
(WiECHERT, 1899) by measuring the time they take to travel a certain 
distance when accelerated by a momentarily applied E.M.F. In this 
way an additional though not very accurate value is obtained for 
v^=2JJelm. But we require three independent equations for the 



determination of v, e and m. There are several ways of obtaining 
further experimental relationships between these quantities. We will 
go on to consider the two most important of these. 

The Behaviour of Moving Carriers in Electric and Magnetic Fields.— 
1. Longitudinal Electric Field .—As has already been stated on p. 307, 
a particle of mass m and charge e acquires in an electric field of strength 
E an acceleration a = Ee/m in the direction of the field. Consider 
now a negative carrier, to which a certain final velocity 'v has been 
imparted by the field between the cathode K and the anode A (fig. 20). 
This is the velocity with which the particle arrives at the anode. Sup¬ 
pose that the anode has a hole in it at the point where the particle 
would otherwise strdve it. The particle flies through the hole and, 
since the space behind the anode is free from electric field, continues 
to move on with constant velocity v (compare the analogous experi¬ 
ment with Attwood’s machine, Vol. I, p. 69). 

2. Transverse Electric Field .—^Let such a uniformly moving particle 
enter a homogeneous electric field with its lines of force at right angles 
to the direction of motion of the particle (fig. 21). The particle is 
then subjected to the same kind of force as a horizontally projected 
stone in the earth’s gravitational field. Taking the direction of the 
electric force Ee as the y direction and the initial direction of the 
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particle as x direction, the co-ordinates of the particle at a time t after 
entering the field, measured from the point of entry, are 

x=vt and y=^at^ 


(see Vol. I, p. 44). Eliminating t from these equations we obtain 

2yv^ == ax^. 

Substituting the value of a = Ee/?n- obtained above we have 

2yv^ = Eex^/m, 


whence 


{elm)'~ -ly' 


Thus under the influence of the transverse electric field the particle 
traces out a parabola whose equation is 


Let I be the length of the condenser plates between w^hich the trans¬ 
verse field is applied. Then the value y^ of y corresponding to x = I is 



the distance v/hich the carrier has been deviated towards the positive 
plate during its passage through the condenser. After emerging from 
the electric field, the particle will move on in a straight line, i.e. along 
the tangent to the parabola at the point {I, y-^). Suppose that a screen 
is set up at a distance d beyond the edge of the condenser (fig. 22) 
and that the material of the screen is such that the point of incidence 
of the particle can be observed (e.g. as a Imninous spot). This spot is 
then the intersection of the tangent to the parabolic path at the point 
(I, y^). Let s be the observed deflection of the spot from its position 
when there is no electric field. Then applying the equation of the 
tangent to the parabola at the point {I, yi) we have 

But from the equation of the parabola 
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Elimination of from these two equations gives 

_ 1(2(1l)'&{elm) 
s = 2^2 ■ 

From this it follows at once that the observed deviation s is directly 
proportional to the field strength E and inversely proportional to the 
square of the velocity r, i.e. to the accelerating E.M.F. 

The values of E, 6*, h and cl can be obtained by direct measurement. 
The magnitudes and ^/m are unknown. Hence an experiment of 
this kind again gives us a value of the same quantity as before (p. 313), 
viz. 

_ l{2d+l)E . 

[ejm) 2s 

The deviation of moving electrified particles by a transverse electric field can 
be seen very beautifully in the case of the luminous 
streaks of vapour from an alkali salt placed in a Bunsen 
flame burning between charged condenser plares (Lenard, 
see fig. 23). 

3. Transverse Magnetic Field, — Like every 
electric current, the convection current borne by 
a stream of electrified earners has a magnetic field 
and can be influenced by other magnetic fields. 
The stream of carriers is deflected by an external 
B'unsen^flamr^''' magnetic field iu the same way as a conductor 
carrying a current, namely, at right angles both 
to the direction of the current and to the direction of the magnetic 
field. 

On p. 440 it will be shown that the force P exerted upon a con¬ 
ductor running at right angles to a magnetic field is directly propor¬ 
tional to the strength I of the current flowing in the conductor, the 
length I of the conductor and the induction B (or the strength H) 
of the magnetic field. We may express this by the equation 

where k is a constant (equal to 0*1257, if P is in dynes). 

The convection current at present under consideration consists of 
a rapid succession of carriers each with the charge e. Suppose that 
there are n carriers in an element of length As, and that the time each 
takes to cover this length is AL The velocity v is then AsjAt. The 
number of carriers passing a given point per second is n/At and there¬ 
fore the current strength is I ~ nejAt. Hence 

-P . As 
lAs = ne— == nev. 
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The force P upon tEe n carriers of the element of distance As is therefore 

P = TcnevR, 

where h is the numerical constant mentioned above. It follows that 
each individual carrier is subjected to a force 

P' = fei'H 


at right angles both to its direction of motion and to the macfnetic 
field. (See p. 442.) 

Under the action of this force the particle will de.scribe a circular 



Figs. 24 and 25.— 
Paths of cathode parti¬ 
cles in a longitudinal 
magnetic field. 


path (compare Vol. I, § 10, p. 78). 
The radius of this path being r, the 
centripetal force is given by 


Hence ~ ZH/. 

{elm) 

Now the magnetic field strength H 
and the radius r of the path of the 
cathode particles can be measured 
directly (p. 320) and hence the value 
of the expression on the left-hand 
side of the equation can be ob¬ 
tained. 



Fig. 26.—Focus¬ 
ing of a beam of 
cathode particles 
by means of a longi¬ 
tudinal magnetic 


4. Magnetic Field .— 


field. 


Electrically charged particles are net 
affected by a homogeneous magnetic field when their direction of 
motion coincides wdth that of the magnetic lines of force. Eut if they 
enter the field obliquely, then in analogy to the experiment of fig. 61, 
p. 204, they will describe spiral paths aroimd the lines of force (tig. 
24). This can be understood by resolving the velocity of the entering 
particle into two mutually perpendicular components, one parallel to 
the lines of force and the other at right angles to them. The first com¬ 
ponent remains unaffected by the field, hut the second gives rise to a 
circular motion, as described above. The spiral path is obtained by 
the combination of the uniform motion in the direction of the lines of 


force and the circular motion at right angles to them. The greater 
the initial inclination of the path of the particle to the field direction, 
the smaller its velocity component along the lines of force hut the 
greater the circle described at right angles to them. The complete 
calculation shows that carriers entering the field at one point D (fig. 
26) in different directions but with the same velocity are deviated in 
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such, a way that they all pass through another point D^c Thus by means 
of a longitudinal magnetic field it is possible fco focus carriers of one 
velocity as light is focused by a lens. 

Mention must also be made of the case of a carrier entering a 
magnetic field whose strength increases with the distance from the 
point of entry. The path of the carrier is then a spiral upon the curved 
surface of a cone (fig. 25). After proceeding a certain distance the 
paiticle turns back, as though reflected. Concerning other types of 
path, see p. 320. 

The focusing of a beam of carriers in a longitudinal magnetic 
field can be employed to obtain a relation between e, m, and v (H. 
Busch). If v is the velocity parallel to the lines of force and the dis¬ 
tance DDi (see fig. 26) is ?, then 

u mi 

{ejm) 2rr ' 

where H is the magnetic field strength and h the numerical constant 
referred to above. 

We have now learned three different methods of determining the 
value of 


(e/w)’ 


and two different methods for determining the value of 

V 

{elm}' 

Thus we only have two equations involving the three unknovuis v, 
e and m. The quantities e and m camiot therefore be calculated sepa¬ 
rately; the above methods enable us only to calculate v and the ratio 
elm. Nor does the method of Wiechert (p. 314) give an independent 
equation, as it also involves only the quotient e/m. 

In order to obtain e and m separately, one or other of them must 
be determined independently. Different methods must be employed 
in different cases (see, for example, p. 345). 

Conduction Tby Cathode Particles in a Vacuum.—The above methods 
can be applied to study the carriers generated in a vacuum by photo¬ 
electric or thermionic emission. The apparatus employed is shown in 
figs. 27 and 28 and in fig. 22, p. 315. 

Tig. 27 stows an- arrangement for investigating the carriers produced in a 
vacuum by the photoelectric effect (Lenajrd, compare fig. 18, p. 312). 

A known E.M.T. is applied between the anode A and cathode K. The other 
electrode B is connected to an electrometer. The dotted circle M represents an 
electromagnet with its field perpendicular to the plane of the figure. The cathode 
is illuminated and the current strength in the electromagnet (i.e. the strength of 
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the magnetic field) is varied until the rate of charging of the electrometer con¬ 
nected to B is a maximum. The carriers then strike B in the way indicated in 
the figure. From the applied E.M.F., the magnetic field strength and the o-eo- 
metrical dimensions of the apparatus it is then possible to calculate the value of 
e/m (see p. 317). 

One method of investigating the carriers emitted from a glowing 
cathode, namel 7 , by their deviation in a transverse electric field, has 
already been given on p. 314 (apparatus shown in fig. 22, p. 315). 
The most suitable cathode to use in this experiment is a'glowing spiral 
of platinum or tungsten wire coated ° 

with certain oxides (see below). To 
investigate the behaviour of the par¬ 
ticles in a magnetic field use is often 
made of the arrangement shown in 
fig. 28. The two thick leads for the 
current to heat the cathode also serve 
as supports for the tube. Upon the 
platinum foil cathode is fixed a speck 
of calcium oxide, or more often barimn 



Fig. 27.—Determination of e/m for photo- Fig. 28.—Wehnelt tube 

electrically emitted particles in a vacuum 




oxide with an admixture of cerimn oxide (incandescent oxide 
cathode of Wehnelt). When the cathode is red hot, a 2>otential 
difierence of a few hundred volts (e.g. the pressure of the lighting 
mains), applied between it and the rod-shaped anode at the side 
of the tube, is suflEicient to produce a considerable cimrent. In 
order to rencler the path of the particles visible, a little air is left in 
the tube. This air is made luminous by the rapidly flying particles. 
What is normally observed is a bright, luminous streak normal to the 
cathode surface. 

A large plane plate B can be seen opposite the oxide cathode to 
the right in fig. 28. A beam of particles emitted from the cathode 
impinges upon this plate at a certain angle. WTien now the plate is 
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connected to tKe negative pole of an independent battery whose posi¬ 
tive pole is earthed, the cathode particles are repelled. If the electro¬ 
static field in the neighbourhood of the plate 
be homogeneous, the beam will be bent into 
a parabola with its convex side towards the 
plate. Fig. 28 shows the effect actually ob¬ 
served (reproduced from a photograph by 
Wehnelt). 

The circular path of the carriers in a mag¬ 
netic field can be demonstrated by placing the 
Wehnelt tube between the poles of an electro¬ 
magnet with a sufficiently nearly homogeneous 
field. The tube is so arranged that the cathode 
beam is emitted at right angles to the lines of 
force. By a suitable choice of magnetic field 
strength and tube B.M.F. the luminous path 
of the carriers can be bent round into a complete circle. Fig. 29, 
which is reproduced from a photograph, gives an idea of the ap¬ 
pearance of this effect. 



Fig. 29.—Deflection of the 
cathode rays in a Wehnelt 
tube by a magnetic field. 



Fig. 30 a and bi Paths of cathode particles in a magnetic field (narrow beams of 200 volts) after 
Briiche. a. Plane deflection in the field of a steel magnet; 6, three-dimensional deflection in the 
internal field of a solenoid. 


[From Zeitschrijt fiir Physiky Vol. 64, published by J. Springer, Berlin.] 


Determinations of the velocity v and the ratio ejm of the cathode 
particles by the methods given above are greatly facilitated by the 
use of the V ehnelt tube with incandescent oxide cathode. With its 
aid rough values can be rapidly obtained for instructional purposes. 
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Narrow Beams of Cathode Particles. —By means of a small cylindrical tube 
placed in front of the incandescent oxide cathode and kept at a relative potential 
of about +100 volts it is possible (at suitable emission strength and gas pressure 
in the tube) to confine the otherwise divergent beam of cathode particles into a 
narrow luminous streak with a constant cross-section of only about J mm.- and 
a length which may amount to several metres (see fig. 30). The visibility of this 
streak is due to the luminosity of the gas molecules when struck by the dying 
carriers. The fact that it does not diverge is probably due to the action of the 
space charge produced by collisions with the gas molecules (p. 334). 

The Electron.—The results obtained from the above kinds of ex¬ 
periments upon conduction in high vacua are as follows: 

1. The particles carry only negative charges. 

2. The luminous points of incidence, of the deviated beams are just 
as sharp as those of the undeviated beams. From this it follows that 
all the carriers have the same velocity v and the same ratio c We 
may conclude that they all have the same charge and the same mass. 
Thus we are dealing only with one hind of earner. 

3. Provided that the E.M.F. is not too high (up to about 1(M)(1 
volts, see p. 322), all the methods agree in giving the value of ejm. the 
specific charge, as (1*769 + 0'002). 10^ coulombs per gramme.'^ 

Important conclusions can he drawn from a comparison of this 
value with that of the ions in electrolyte solutions. Each gramme- 
equivalent of an ion transports 96,494 coulombs. In the case of hydro¬ 
gen, the equivalent weight of which is 1-008, we therefore have 
ejm— 96,494/1-008 coulombs per gm. The value of em is smaller 
for all other substances, since they all have greater equivalent weights 
than hydrogen. The quantity of electricity carried by 1 gm. of the 
cathode particles is thus (1-77 . 10®)/95,800 = 1850 times greater than 
that carried by 1 gm. of hydrogen ions. 

This result can be interpreted in two ways. Firstly, the carriers may have a 
mass of the order of magnitude of that of ordinary atoms. If this is so, each particle 
must carry a charge about a thousand times greater than the unit of charge 
occurring in electrolytic conduction, and in conduction by carriers through gases. 
This is extremely improbable; for we have seen (p. 49) that carriers generated 
by the same methods in air, hke the ions in electrolytic conduction, usually 
carry one elementary charge (p. 308). The second possible interpretation is that 
the cathode particles carry one elementary charge, but that their mass is only 
1/1850 of that of a hydrogen atom. From what has been said above it is ck^ar 
that this possibility appears at once to be the more probable. It is further 
supported by the fact that the negative cathode particles give rise to normal 
carriers with one elementary charge when they pass out of the vacuum into the 
air (for the corresponding experimental arrangement see p. 332). The main 
support for the second interpretation is to be found, however, in atomic physics, 
which is the subject of Vol. V. 

* It is remarkable that this value is not in exact agreement with that obtained 
from spectroscopic measurements, viz. efm = (1*761 i O-OOIJ . 10® coulombs per gm. 
(Vol. V). Recent determinations by deviation methods (Kjkchxee, 1931) appear, 
however, to give the value 1*760.10® coulombs per gm. 

(E617) 


22 



322 


ELECTRICITY IN GASES AND HIGH VACUA 


Since, therefore, all the observed phenomena tend to show that the 
negative carriers in a vacuum are charged with one elementary charge, 
we are justified in concluding that the mass of these carriers is only 
1 /1850 of that of an atom of hydrogen, the lightest of all known material 
substances.^ The mass of a hydrogen atom is 1-66. 
p. 53); the mass of a cathode particle is therefore 8*98 . gm. It 
follows that the particles cannot consist of any material substance; 
for this reason we introduce a special name for them and call them 
electrons. 

An electron is thus a non-material particle with a negative charge 
of e = 1*59 . 10 “^^ coulomb and a mass of ^ 8*98 . 10 “^^ gm. 

We must regard electrons as actual particles of negative elec¬ 
tricity. Thus in the electrons we have 'pure electricity^ unassociated with 
matter. 

It was formerly supposed that mass was a property of matter alone. Hence 
the fact that mass had to be ascribed to a non-material substance necessitated 
an important revolution of thought. In Vol. V we shall obtain information as to 
the nature of the mass of the electron. It is found quite generally that all energy, 
e.g. the energy of light, possesses mass, so that nowadays we are accustomed 
to the idea of mass without material substance. 

Variation of the Mass of an Electron with its Velocity.—Deter¬ 
minations of the values of the ratio eim for very rapidly moving elec¬ 
trons, such as were first observed in radioactive processes (Vol. V), 
led to the very surprising and remarkable result (Kaufmann *]*) that 
ejm decreases as the velocity of the electrons becomes greater. 

Kaufmann found the following values: 

Value of ejm 
1-7 , 10 ® coulombs/gm 
1-52 
1-31 
1-17 
0-97 
0-77 
0-63 


Velocity 

1- 00.10^“ cm./sec. 

1*50 „ 

2 - 36 
2-48 
2-59 
2-72 
2*83 


Since the charge e of an electron is to be regarded as a constant, 
we must conclude that the mass m varies with the velocity v (see 
Table X, p. 323), Very exact measurements, especially by A. H, 
Bucherer (1908) and G. Xeuimann (1914), have shown that this 
variation is in accordance with the equation 



* The term material substance, or more shortly matter, refers to all 
composed of the chemical elements or their compounds (Vol. I, p. 53). 
f Walter Kaufmaxx, Professor of Physics at Konigsberg since 1908. 
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where c is the velocity of light, and the mass of the electron at 
relatively small velocities. Up to velocities of about 10® cm./sec., 
where the increase of mass is less than 1 per cent, we may regard 
as a constant. A more thorough treatment of this relationship, which 
is of fundamental importance for the development of modern physical 
theories, will be given in Vol. V. 

Cathode Rays.—The experiments described above have been 
concerned with electrons moving from the cathode towards the anode 
under the influence of a more or less homogeneous electric field. Elec¬ 
trons moving in this way can fly through holes in the anode, over¬ 
coming by their mass and inertia the slight deformation of the field 
in the neighbourhood of the holes (figs. 20 and 22, pp. 313 and 315). 
Thus the moving electrons behave like rays propagated in straight 
lines from the cathode. They are therefore often known as cathode 
rays. 

From the equation = Ue, where U is the potential difierence 
between anode and cathode, we can calculate the velocity v of the 
rays. To get v in cm. per sec. we must first express the electrical energy 
in mechanical units. Now 1 volt-coulomb = 10' ergs (§ 2, p. 255). 
Hence "we have ergs = Lie. 10“^ ergs, where U is expressed in 

volts and e in coulombs. Using the numerical values given above we 
obtain (correct to 1 per cent for potential differences up to 10,0U«.) 

V — 5-95 . lO'i/U cm. per sec. 

The velocity of the free electrons is ^proportional to the square root of 
the potential difference through which they have moved. 

A potential difference of 1 volt thus imparts to the freely moving 
electrons a velocity of 595 km. per sec. After passing through a 
potential difference of 10,000 volts, their velocity is about 60,000 km. 
per sec., i.e. ^ of the velocity of light. 

Table X.- -Velocities of Cathode Rays after passing through 

DIFFERENT POTENTIAL DIFFERENCES 


Volts 

Velocity 

Mass in gm. 

km./sec. 

P = w/o 

0-01 

59-5 

_ 

8-98.10-2® 

0-1 

18-8.10 

— 

8-98 „ 

1 

59*5.10 

— 

8-98 „ 

10 

18-8.10^ 

— 

8-98 „ 

10® 

59-5.10® 

0-02 

8-98 „ 

10^ 

18-7 . 10® 

0-06 

8*99 „ 

10* 

68-5.10® 

0-2 

9*16 „ 

105 

16-5.10* 

0-55 

10*8 „ 

10« 

28-3.10* 

0-95 

28-8 

3-1. 10® 

29-7 . 10* 

0-99 ! 

63-6 
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The velocity of electrons is often expressed as a number of volts 
(the volt-velocity), i.e. instead of being stated in cm. per sec. it is 
given as the number- of volts through which the electron would have 
had to pass in order to acquire its velocity. Thus cathode rays with 
a velocity of 10,000 volts are a stream of electrons moving ^ as fast 
as light. Table X gives the exact velocities for a range of E.M.F.s. 
For quite fortuitous reasons (namely, on account of the contrast 
effect in photographic exposures of body tissues by means of X-rays 
generated by cathode rays) fast cathode rays are sometimes described 
as “ hard ”, slow cathode rays as soft It is better, however, not 
to use such terms. 

The greater the velocity of cathode rays, the less they are sus¬ 
ceptible to deviation by a magnetic field. Table XI gives the 
strengths of the magnetic fields required to bend cathode rays of 
different velocities into a circle of 1 cm. radius. 

Table XI.—Magnetic Field Strengths required to impart a Radttts 
OF Curvature of 1 cm. to the Path of Cathode Rays 


Volt-velocity 

Magnetic Field Strength 

Ampere-turns/cm. 

Gauss 

0-01 

0-27 

0-34 

0-1 

0-88 

1-06 

1 

21 

3-4 

10 

8*8 

10*6 

102 

27-1 

34 

102 

88 

106 

10^ 

273 

343 

105 

889 

1,120 

3*1 . 10« 

9500 

11,940 


Applications of Tubes with Incandescent Cathodes as Rectifiers and 
Oscillographs.—1. As was shown by the experiment of p. 312, no 
current passes through an evacuated tube with a cold electrode and a 
glowing wire electrode unless the latter be the cathode. The incan¬ 
descent filament has the property of emitting electrons into the sur¬ 
rounding space (see further p. 365). If the negative ends of electric 
lines of force terminate upon the filament, the electrons emitted will 
follow the tension of these lines and will be accelerated as cathode rays 
in the direction of the field. But if the glowing filament is made the 
anode, there is no conduction through the vacuum; for the field cannot 
extract electrons from the cold electrode, and the incandescent anode 
furnishes practically no positive carriers. The electrons emitted by 
the glowing filament are driven back at once by the field and thus 
prevented from escaping to the cathode. This behaviour makes such 
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a tube suitable for use as a rectifier. When an alternating potential 
difference is applied to it, a current will only flow wMle the glowing 
filament is tbe catbode. Thus a continuously alternating potential dif¬ 
ference produces an intermittent uni-directional current. Tbe tube 
acts like a one-way valve, bence tbe name thermionic valve. Fig. 31 
shows a four-valve rectifying bigb-tension unit for X-iay purposes. 



Fig. 3—^Philips Metalix rectif>'ing valves 
[The Solus Electrical Co., London.] 


2. The deviation of cathode rays by electric and magnetic fields 
can be used with advantage to indicate the nature of rapid periodic 
variations of E.M.F. or current. On account of their extremely small 
mass the cathode rays respond with no appreciable inertia to the most 
rapid variations of a deviating electric or magnetic field. Hence it is 
possible by the deflection of cathode rays to observe periodic variations 
of current or E.M.E. with a frequency as high as a milliard (10®) per 
second. Fig. 32 shows such a cathode ray oscillograph (Braun tube) 
with incandescent cathode. Compare the diagram of fig. 22, p. 315, 
and see also fig. 48, p. 333. The luminous spot where the rays strike 
the end of the tube is viewed from outside in a rotating mirror or 
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pLotograplied (see figs. 43 and 44; p. 499, 
and fig. 56, p. 504). 

3. Spontaneous Conduction in Gases 
at Reduced Gaseous Pressures 

In order to understand the spontaneously 
occurring discharges (sparking, action of 
points, &c.) in gases at approximately atmo¬ 
spheric pressure, we must first consider the 
processes of conduction in gases at reduced 
pressures. 

For the purposes of experimental investigation 
the gases are enclosed in glass tubes and the 
pressure is reduced by means of an air pump. 
Aluminium wires or discs are usually used as 
electrodes. These are sometimes mounted upon 
platinum wires and are fused into the glass walls. 
Aluminium is employed because it is only slightly 
affected by the discharge, whereas most other 
metals disintegrate (p. 340). (Geissler tubes.*) 

A unidirectional potential difference (about 1000 
volts or more) is applied between the electrodes. 

graph with incandescent cathode 

[A. c. Cossor, Ltd., London.] Discharge Phenomena as the Pressure is 

Reduced.—^We use a cylindrical tube about 40 
cm. long and 4 cm. wide filled with pure dry atmospheric air (or better 
pure nitrogen) at atmospheric pressure. The anode consists of a single 
aluminium wire, the cathode of a small circular disc of the same metal. 
We apply a potential difference of several thousand volts between the 
electrodes. So long as the pressure within the tube is one atmosphere 
there is no discharge. We now reduce the pressure gradually and 
observe that at a pressure of about 40 mm. a thin snake-like streak 
of light (fig. 33) appears. This streak is similar in appearance to the 
discharge which takes place in air at ordinary pressure and at 
correspondingly greater potential difierence, but is thinner and 
not so bright. 

As the pressure is further reduced the streak becomes thicker 
(fig. 34). The appearance at the two electrodes becomes strikingly 
different. The column of light begins close up to the anode and is a 
beautiful pink colour throughout its whole length. But there is a 
dark dividing space between the other end of the column and the 
cathode, while at the cathode itself there is a small luminous blue 
spot. 

Continued reduction of pressure causes the column of light to 

* Geisslek, Vol. I, p. 324. This type of tube was made about 1858 by Geissler 
for the physicist Prof. Plucker at Bonn for his investigations of spectra. For this 
xeason they are also frequently referred to as Pliicker tubes. 



Fig. 33.—Cathode ray oscillo- 
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thicken more and more, until at 2 to 4 mm. pressure it fills the ^hole 
cross-section of the tube. The dark space between the cathode and 
the luminous column (the Faraday dark space *) becomes larger and 



Fig. 33 .—P = 40 



Fig. 34.— p . = 10 mm. 




Fig. 36.—/) = 0-5 mm. 



Fig. 37 .—p = 0*02 mm. 


Figs. 33-37.—Discharge through air at reduced gaseous pressures 

the blue spot of light at the cathode increases in extent, covering a 
part of the cathode with a glowing layer. 

At about 1 mm. pressure (fig. 35) the luminous column loses 
its beautiful pink colour and, "when mercury vapour or hydrocarbons 
are present (as is usually the case on account of the mercury of the 
pump and the grease upon ground joints and taps), becomes dull 
white. In addition to this it usually breaks up into peculiar strias, 
* Discovered about 1838. 
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wlucli ate concave towards the anode and are arranged at ec[ual 
distances in the neighbourhood of the anode. Ihe last stria is sepa- 
rateil from the cathode by a wide dark space. In the meantime the 
blue luminous layer at tlie cathode has extended so as to cover this 
electrode completely. It is not, however, in. contact with the surface 
of the cathode, but is separated from it by a dark space, known as 
The first dark space or more generally as the Hittorf or Crookes dark 
space."^ 

At about 0-5 mm. (fig. 36) the blue cathode glow has extended 
further towards the anode. It passes over gradually and indefinitely 
into the Faraday dark space (also known as the second dark space), 
bat on the other side it is sharply bounded by the first dark space. 
At the same time the po.sitive column has grown shorter and tLa 

_j-iX 

^ JTn become farther apart. 

A Upon the surface of the 

ab c d e f cathode appears a very thin, 

Fir'. 3:'.—Dia^rram of the different parts of a normal faintly pinkish layer of light, 
di.SL.harge through a rarefied gas. Cathode SUlfaCC glOW. The 

Cathode surtace glow; ^. Hittorf or ^ cxtent of this surfacc layer 

i-jpacc: £‘, negative glow; a, taraday darK space; , . •r 

P-o^itive column; /, anode glow. iiicreases witli the current 

strength, as can be seen par¬ 
ticularly well in the ea.se of cathodes consisting of a long wire (see 
]). :k35|. Fig. 38 is a iliagrammatic rei^resentation of the appearance 

of siicii a iliscliarge. 

Ar <cl mm. pres.sure the strife vanish altogether. The negative 
uow rather feeble, extends almost to the anode. The Hittorf 
or Crookes dark space becomes larger and larger. 

At 0*02 mm. pressure the negative glow has also disappeared and 
the interior of the tube is practically free from light: only a short and 
feeble streak remains (fig, 37). But the glass walls of the tube, especi¬ 
ally opposite the cathode, are now luminous with a greenish glow. 

We will now follow out the whole range of phenomena once again 
in a tube of the shape shown in fig. 39 to 41. 

''USir ILLIA3I Ceookes, 1S32-1919, at first professor at the Trainino; zt 

Ciie.'ter. Litpr for rrr.r.y yCvcY.-. oi me ttociety of Chemical Industry. He 

of electrical dischar^e.s in rarefied gases about 1879, ten 
ye;ir5 la tlia: j i .tt.. m; . .Most of !:is results had already been observed by pLifcKER,. 
H.iTT(iE. and Goliksteint, but had remained comparatively unknown. Crookes 
used —h higher potential differences and more completely evacuated tubes than 
t!ie previou.^ investigators, and his observations were th.erefore more striking. More¬ 
over, the anyaetive and popular style of his publications accounted in some measure' 
for the rapidity with which liis experiments became known. Crookes always main¬ 
tained the view that the cathode rays were a material radiation. He spoke of them 
as radiant matter, or matter in a fourth state. The Crookes dark space had been 
observed and described by Plfcker in 185S. The phenomena at the cathode at pres¬ 
sures below 2 mm. were first invc-.stigated systematically by Hittorf in 1884. For 
further notes on Hittorf and Gold.^teik see pp. 272 and 341 respectively. 
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la the earlier stages, i.e. at the higher pressures, the phenomena 
are essentially the same as those already described above. The thin 
streak of light and then the pink column fill the tube from anode to 




Fig. 40 Fig. 41 

Figs. 39, 40, and 41.—Discharge at reduced gas pressure 


cathode by the shortest route (fig. 39), the bulb at the top of the 
tube remaining quite dark. The discontinuities appear in the cylin¬ 
drical part of the main tube and in the side tube containing the anode. 
As the pressure is further reduced the negative glow separates as 
before from the cathode and extends to the point at which the side 
tube is ioined on to the main tube (fig. 40). 
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From tliis stage onwards, Eowever, tte phenomena are essentially 
ditferent from those previously described. When the striae disappear 
in the anode tube, the negative glow does not extend into this tube, 
but continues in a straight line along the extension of the main tube. 
Then this glow also disappears gradually imtil only a short thin streak 
of light remains. This streak runs straight along the axis of the main 
tube^ The first dark space then increases in length in the same direc¬ 
tion and not along the shortest path to the anode. Finally we 
o])serve a brilliant green luminosity on the glass wall of the bulb at 
the opposite end of the main tube from the cathode (fig. 41). This 
luminous r€*gion has a sharply defined boundary: the cylindrical walls 
of the main tube cast definite shadows. 

Cathode Rays.—We will now investigate the properties of the 
ravs emanating from the cathode. They leave the cathode surface 

normally and oh\fionsly travel in straight 
lines. We will at once introduce the 
name cathode rays to describe them, as we 
shall find that they are identical with the 
rays dealt with on p. 323. 

Excitation of Luminosity. —screen 
of some suitable substance (such as zinc 
silicate containing a trace of manganese) 
glows very brightly when placed in the 
path of the rays. 

Rectilinear Propagation .—An object 
placed in the path of the rays throws a shadow of corresponding 
sliape. See. for example, fig. 42, which shows the shadow cast by 
a nietrd cross upon the end of the tube.^ 

Emission Xormal to the Cathode Surface. —^In the experiment of 
fig. 42 we observe a characteristic difierence from the case of shadow 
ioimation by ordinary light. If the cathode disc were emitting light, 
the shadow of the cross would be surrounded by a region of half 
shiulow (peiiimibra, see Vol. lY). This efiect is not observed in the 
case of cathode rays. It follows that the rays are not emitted in all 
dii’ettioiis from every point of the cathode snrface, bnt only in one 
direction, namely normally. This can be seen even more clearly from 
the following experiment. 



Tile cathode surface is made spherical and concave towards the anode (see 
nc. 43.!. At the centre of curvature of the cathode surface is placed a piece of 
platinum foil. During the discharge the platinum foil is seen to become incan- 
de-scent. Thus the cathode rays produce a considerable heating effect. 

Lailiode Pay Furnace .—The heating effect of cathode rays is employed for 
the production of vert' high temperatures. Since the substance to be heated is 


* HiTTosr called attention as early as 1869 to “ sharp shadows ” cast by cathode 
rays, and recognized that the rays, which were unable to follow the curves of his 

tubes, are propagated in straight lines. 
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in a vacunm, it is possible to xise crucibles of materials wbicli are permeable to 
air and flame gases at high temperatures. Tbe -storking conditions are therefore 
much more satisfactory than with other types of furnace. 



Fig. 43. — Dis¬ 
charge tube with 
concave cathode. 



Fig. 44. —Discharge tube with small 
paddle wheel 


Mechanical Effects of Cathode Rays.—A. small, lightIv mounted 
paddle-wheel placed in the path of cathode rays (as in hg. 44) is made 
to rotate. 

Negative Electric 67iar^e.—Considerable time elapsed before it 
could be proved satisfactorily that cathode rays carry a negative 
charge. The proof was at last obtained (PERRT^^ 1895) by allowing the 
rays to fall into a Faraday cage (fig. 45). When a simple disc" was 
employed, the charge collected was variable—-a j^henomeiioii which 
is understandable now that 
the behaviour of the rays 
has been more fully .investi¬ 
gated (p. 336). It was also 
a relatively long time before 
the rays could be deflected 
by an electrostatic field 
(J. J. Thomson, 1895). The 
earlier attempts failed owing to the fact that it had not previously 
been possible to produce a sufficiently high vacuum with certainty, 
nor to maintain a sufficiently high field at right angles to the rays. 
(For the -work of Sir J. J. Thomson, see Vol. T). 

The most important advance in the investigation of the nature of 
cathode rays was furnished by the experiments of P. Lenard, who 
■was the first to attain satisfactory experimental conditions. When an 
ordinary discharge tube is used, any alteration of gas pressure, E.W.F. 
or current strength has a simultaneous effect upon the process of 
production of the cathode rays. Now H. Hertz had observed that the 
rays are capable of passing through thin foils. By providing a highly 
evacuated tube with a window of aluminium foil, joVo 'thick and 
free from boles (Lenard window), Lenard succeeded in making the 





Fig. 45.—Determination of the negative charge of 
cathode rays 
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rays pass right out of the apparatus (fig. 46). They could then be 
iiiA'estigated under conditions indej>endeiit of those governing the 

process of their production. The 
far-reaching consequences of these 
classical researches cannot be 
discussed until VoL V. Fig. 47 
shows an actual discharge tube 
with Lenard window- for very 
high E.M.F.s. 

The Faraday cage and electro¬ 
static deflection experiments in¬ 
dicate that the cathode rays 
consist of a stream of negatively 
charged particles. From the mag¬ 
nitudes of the electrical and 
magnetic deflections it must there¬ 
fore be ])ossible fp. 317) to determine the specific charge ejm of 
the carhode particles. 

Electrical and Mngnetic Defleciion of Cathode Hays produced hij a 
Disrhqrge through a Earejled Gas. —When a strong bar magnet is brought 
up to a Crookes tube of the kind showm in fiig. 42, p. 330, the deflection 



Fig. 4'j.—^Discharge rube with Lenard win¬ 
dow. Anode; K, cathode; around the tube 
is an opaque screen; the window is on the left. 
I-enard, Cber Kathodenstrahlen^ 
published by J. A. Banh, Leipzig-] 



Fig. 47.—Leaard tube for 180,000 volts 
[C. H. F. iXIulIer A,-G., Hamburg.] 


of the cathode rays can be observed by the displacement of the shadow 
HiTxrjRF disco%’'ered (1869) that the deflection is the same as w'ould be 
produced in a flexible conductor attached to the cathode but other¬ 
wise free to move, and carrying a negative current in the direction 
from cathode towards anode. 

For quantitative determinations a tube of the form showm in fig. 
48 is employed.'^ This is a Braun tube, similar to that shown in fig. 

For the investigation of the magnetic deflection the poles of an electromagnet 
ar- pi • ■■' ,!. TO' ,,n front of the plane of the figure and the other behind it, in a position 
"r' -p-.to that of the plates of the condenser (see figure) used for the electro- 
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22j p. 31 rS., but contaiuiiig gas at about 0*001 rum. pressure and 
liaving a simple catbode disc instead of an incandescent lilanient. 



Fig. 4S.—Braun tube with gas filling 
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Fig. 49.—Measurement of the field distribution 
in a discharge tube 


Tlie deflection of tbe beam of cathode rays can be observed and meas¬ 
ured by the motion of the spot of light upon the screen on the right 
of the figure. 

In order to obtain satisfactory measurements of electrostatic and 
magnetic deflections, it is necessary to take precautions to prevent 
disturbing electric charges, derived from the high E.II.F. leads to the 
discharge tube, from col¬ 
lecting upon the outer 
surface of the walls. For 
this purpose the tube is 
provided with a coating of 
tin-foil, which is connected 
to earth. 

Determinations of ejm by 
various methods give the 
numerical value T77.10^ 
coulombs per gramme. The 
particles constituting the rays are thus electrons and the rays are 
identical with those investigated on p. 321. 

Cathode rays from discharges through gases consist of ruorlng elect rorrs. 

Two facts stand out, however, in contrast to the experiments 
described on p. 319. Firstly, the cathode rays in the present, experi¬ 
ments are always emitted normally from the cathode surface (com 2 )are, 
for example, the experiment with concave cathode, p. 331). Secondly, 
their path is independent of the position of the anode. In order to 
understand these peculiarities, we must consider the nature of the 
field during the discharge. 

The Variation of Field Strength along a Discharge Tube.—The 

field strength at different points within a discharge tube can be deter¬ 
mined by means of corresponding thin test wires sealed through the 
walls. Alternatively one single test wire may be employed, and the 
anode and cathode shifted bodily along the tube (see fig. 49) so as 
to bring different parts of the discharge successively opposite it. 

The variations of potential, field strength and space charge along 
a tube during a spontaneous discharge are shown diagrammatically in 
fig. 50. We see at once that the greatest fraction of the potential fall 






334: 


ELECTRICITY IN GASES AND HIGH VACUA 



occurs near the cathode. The difference of potential between the cathode 
and the negative glow is known as the cathode fall. 

The smallest fall of potential is in 
the Faraday dark space and in the 
positive column. Then in the neigh¬ 
bourhood of the anode there is again 
a more rapid fall (the anode fall), 
which only amoimts in general how¬ 
ever, to a fraction of the cathode fall. 

vSo long as the cathode is not 
completely covered by the negative 
glow, the cathode fall is indepiendent 
of the current strength and the pres¬ 
sure of the gas in the tube (Hittorf, 
1883). It is then known as the normal 
cathode fall. Its magnitude depends 
upon the nature of the gas and of 
the electrodes. In the case of air at 
low pressure and electrodes of plati¬ 
num the normal cathode fall is 
a])proximatelv 4U0 volts. For helium and electrodes of potassium the 
Value i*^ '':'sr'eeia]Iy low, namely about 70 volts. 

In cathode fall is smaller for the more electropositive 

gases I see p. 283) and for cathode materials which give off electrons 
easilv. 
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Fig. 50 .—Diagram of the distribution 
of potential L, field strength, and 
space charge p in a normal discharge. 


The cathode fall may be dirainished and in certain cases reduced to zero by 
tile introduction of electrons at the cathode, e.g. b\'' using a glowing cathode 
{W i-uOiELT, p. 319/. It is then possible to maintain a discharge through the tube 

with a potential difference of a 
few volts, whereas in the ordinary 
way the applied E.M.F. must be 
higher than the normal cathode 
fall. The reason for this diminu¬ 
tion of the cathode fall is as 
follows. In an ordinary condenser 
with phites corresponding to the electrodes of the tube showm in fig. 50 the field 
w^julu be homogeneous, i.e. the field strength E w’ould be constant. If, as in 
aetiial fact, E decreases in the neighbourhood of the cathode, this means that the 
density of lines of force must decrease as we pass farther out from the cathode. 
Yow' the lines of force run in the main normal to the cathode, as is proved by the 
direction of the cathode rays. Hence their density can only fall off if a certain 
number of them come to an end in the space in front of the cathode, i.e. there 
must be a poisdive space charge in this region. The same considerations also 
appii to the anode fail, wTich must he due to a negative space charge (see 
g. 5i}. These space charges (p. 338) are thus the causes of the observed 
a onormalities of the potential fall. If the positive space charge in front of the 
cvnutjde be neutralized by the introduction of negative electrons into this region 
fruni an incandescent cathode, the cathode faU also disappears. 


Fig. 51-—Diagrammatic representation of the lines of 
force at a certain instant during a normal discharge 
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It is remarkable that the negative glow, which (as mentioned 
above) at first only covers a small portion of the cathode, spreads 
out more and more over the cathode as the current strength is in¬ 
creased. If the cathode is a wire, the glow covers it like a luminous 
tube, the length of which is found to be proportional to the curreiu 
strength. An arrangement of this kind can therefore be use^l as a 
current measurer. 

Practical use is made of tliis in the negative glow oscillograijh of Gehecke.^' 
This consists of a discharge tube with two long electrodes of nickel wire. When 
a direct current of variable strength is passed through the tube, the blue negative 
glow covers the cathode wire to a length proportional to the instantaneous current 
strength. The variations in the length of tlic clow occur without any time iag. 
In the case of an alternating current the glow covers first one electrode and 
then the other. The nature of the current alternations can be conveniently in¬ 
vestigated by viewing the glow in a rotating mirror. 

As soon as the cathode is completely covered by the glow, the 
cathode fall increases [abnormal cathode fall) and ceases to be inde¬ 
pendent of the gas pressure and current strength. So long as tln^ 
cathode fall is normal, the length of the Hittorf or Crookes dark s|>acv 
remains constant; but as soon as the cathode fall is increased aljovtf 
its normal value by reduction of gas pressure or increase of current 
strength, this dark space begins to extend out into the tube. Tin* 
abnormal cathode fall corresponds to an increased fic*ld strength, so 
that at very low gas pressures potential diftereiices of many thou¬ 
sands of volts are required to maintain the discharge. 

We can now understand the remarkable behaviour of the cathode 
rays previously mentioned on p. 330. Almost the whole of the ])oren- 
tial fall occurs near to the cathode. Hence the electrons emitied from 
this electrode attain practically their full velocity in its inmiediatt^ 
neighbourhood. The relatively small potential fall in the remaining 
space between the electrodes is then insufficient to affect the rapiiily 
moving particles to a noticeable extent. Hence they continue l)y 
virtue of their inertia to fly in their initial direction, namely the direc¬ 
tion of the lines of force near the cathode, i.e. normal to the cathcule 
surface. Thus the position of the anode is of no importance. 

The Mechanism of the Discharge. —^In order to arrive at an under¬ 
standing of the processes underlying the spontaneous discharge in gases, 
we will consider what happens when a potential difieience of increasing 
magnitude is applied to a condenser. 

We have seen above that air is an insulator: hence at low E.^I.F.s 
there is practically no conduction. The current is not strictly zero, 
however, for the air always contains carriers (though only in extremely 
small quantities) from ever-present sources such as radioactive radia¬ 
tions, cosmic rays, &c. 

* E. Gehbcke, Professor at the German National Physical-technical Laboratory. 
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On the average there are only a few of these carriers per cubic 
centimetre. Under the influence of the electric held they migrate and 
produce a cui’rent whose magnitude may be measured by a very 
sensitive instrument. This current soon reaches a saturation value, 
however, after which it remains constant for a time as the E.M.P. is 


increased (fig. 52). But though the current strength remains constant, 
the velocity of the carriers increases in proportion to the field strength. 
As the E.M.P. between the electrodes is still further 


increased, a sudden rapid rise of current strength is 
eventually observed, the value rising to a million or 
more times that of the saturation current. At the 
same time the characteristic phenomena of the 
discharge make their appearance. There can be no 
doubt that this point is the beginning of a new 
process in which carriers are produced. The cause 
of this new production of carriers can only lie in 
the increased velocity of those carriers which were 
present originally. A large number of other facts 
to be discussed later also point to the following 
conclusion: 


Very rapidly moling carriers are capable of 
hnocbing electrons out of the atoms and molecules with 



E.M.F, 


Jb'ig. 52.—Current E.M.F. 
curve for a normaj discharge 
through a gas. 


ivliicTi they collide, thus giving 
rise to new carriers. 

This process is called ion¬ 
ization by collision. It wall be 
treated in greater detail in 
Vol. V. 

Ttis phono^'ic-ror! can be de- 
'tniTc:! (i:!'c -T'\ I-y making use 
of the fact (p. 310) that water 
vapour condenses most readiiy 
upon the molecular complexes of 


the carriers. 



Fig. S 3 -—Production 
of carriers along the path 
of a rapidly moving 
He'** '''-particle (a-ray). 


When an electrically charged 

particle is allowed to enter with very great velocity into a space which is 
supersaturated with water vapour, a streak of cloud is produced along the 
track of the particle. Tig. 53 shows the track of a very rapidly moving 
carrier, namely a helium atom with two elementary positive charges (an 
a-particle). The formation of the cloud streak is due to the production of 
carriers along the whole track and the condensation of the water vapour upon 
them (compare the experiment of p. 310). Rapidly moving electrons also 
show tins heliaviour. Tig. 54 shows ionization produced by an X-ray beam 
about 5 mm. in diameter. The X-rays traversed the air before its expansion in 
the Wilson chamber. The positive and negative ions have been separated by 
the electric field before losing their mobility by condensation of water on them. 
Tig. 55 represents a-ray tracks obtained in air in a magnetic field of 39,400 gauss, 
with an air expansion of 1*4. 






CONDUCTION IN GASES 337 

Photographs of this kind demonstrate very clearly the phenomenon of ioniza¬ 
tion by collision. 



Fig. 54.—Ionization by X-ray beam 
[C. T. R. Wilson.] 


Put the principal value of this elegant method, from v'hose application we 
shall derive a number of important results (see, in particular, Vol. V), lies in the 
fact that it registers the x^^'^th traced out by a rapidly moving carrier in passing 
through a gas. 



Fig. SS*—Tracks of a-rays in high magnetic field 
L. Kapitza.] 


Ionization by collision occurs not only in spaces containing a gas, 
but also by the impact of rapidly moving carriers upon solid surfaces. 

This is the reason, for example, why a Faraday cage must he employed to 
( E 617 ) 
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collect the cathode rays (p. 331) in the determination of their charge. For when 
the rays impinge upon the surface of a simple plate, they knock electrons out 
of the atoms (secondary electrons, Vol. V), which are thus left with a positive 
charge. Since the secondary electrons are often more numerous than the primary, 
the observed anomalous reversals of the charge on the collector are at once un¬ 
derstandable. 

The mechanism of the processes leading np to the discharge are th ere¬ 
fore to be pictured as follows. 

The initial state of the tube is represented diagrammatically in fig. 

^ 56 I. Amongst the neutral gas molecules are a few positive and nega¬ 
tive carriers (actually in the proportion of about 1 : 10^'^). 

When the field is applied (fig. 56 II) the carriers begin to move. 
If the field strength is sufficiently great, their velocity may become 
so large that they will knock electrons out of the cathode. These 

electrons, being of small mass, 
attain a great velocity in the 
field (p. 323), and are conse¬ 
quently able to produce new 
carriers (see fig. 56 III) all 
along their paths. As is seen 
from fig. 54, p. 337, each 
rapidly moving electron can 
give rise to a large number of 
carriers (for further details see 
Vol. V). These newly ])ro- 
duced carriers are in turn S(‘t 
in motion by the field, so that the whole process is maintained 
on an ever increasing scale. Thus the number of carriers increases in 
the manner of an avalanche and the current strength may attain an 
extremely high value. Further large numbers of carriers are also 
produced, as in the experiment of p. 312, by the photoelectric efi(‘ct 
of the light emitted by the discharge. The principal process acting in 
opposition to the increase in the number of carriers is their recom¬ 
bination (p. 309). The mechanism outlined above also provides an 
explanation of the appearance of space charges in the neighbourhood 
of the electrodes. 

The interaction between electrons and material atoms and mole¬ 
cules will be treated in greater detail in Vol. V, when the luminous 
phenomena associated with the discharge will become more readily 
understandable. For the present it suffices to notice that the lumin¬ 
osity of the first cathode layer is obviously produced by the impacts of 
the positive carriers upon this electrode, and that it is in the cathode 
fall of the Hittorf or Crookes dark space that the electrons attain the 
high velocity which makes them able to produce the new carriers 
necessary to maintain the discharge. 
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Fig. 56.—Production of a discharge in a tube con¬ 
taining gas (diagramrnatic). • electron, O atom, 
67 positive ion, * O negative ion. 
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Thus the cathode fall is the most important fart of the spontaneous 
or normal discharge through a rarefied gas. 

The importance of the cathode fall may be demonstrated by the following 
experiment, originally performed by Hittorf. The apparatus is shown in fig. 
57. The two electrodes of fairly stout aluminium wire pass through two com¬ 
paratively large glass bulbs into the short connecting tube, where their ends are 
oiAv 1 to 2 mm. apart. The two bulbs are also joined by a relatively long detour 
tube. At sufficiently low air pressure the discharge does not pass directly between 
the ends of the electrodes but through the long alternative tube. Between the 
ends of the electrodes the space is too small and the molecules capable of being 
ionized by collision are too few to yield enough carriers to start and maintain 
the discharge. Very high E.M.F.s must be used to produce a discharge w'hen the 
normal cathode processes cannot occur. This can be easily demonstrated by 
progressively reducing the gas pressure within a small tube in which there is 
little space between the electrodes. As the pressure decreases the negative glow 
goes on extending until at last there is not enough space for it. From this moment 
onwards there is an extremely rapid rise 
of the E.M.F. (normally only a little 
more than the cathode fall) necessary to 
maintain, the discharge through, the tube. 

That the disappearance of the normal 
discharge is duo to the lack of space is 
shown very elegantly by the following 
experiment. A Hittorf tube of the kind 
shown in fig. 57 is exhausted until the 
discharge just stops betw'eeii the elec¬ 
trodes and begins to pass through the 
long alternative tube. VVhen now a strong 
bar magnet is brought up near the electrodes, the discharge once more passes 
directly between them. The reason for this lies in the increasi* in the length of tlio 
patlis of the carriers owing to the curvature imparted to them in the magnetic 
field. \Fero it not for the fact that the electrodes must be a certain distance 
apart before a discharge can pass, it would be impossible to measure the elec¬ 
trostatic deflection of particles within a discharge tube by the method shown in 
fig. 48, p. 333. The plates between W'hich the electrostatic field is applied must 
be placed so close together that no discharge can take j^lace betw'een them at 
the E.M.F. employed. 

A small object placed just in front of the cathode throws a distinct shadow 
in the negative glow. This proves that the negative glow is produced b\' the 
cathode rays. 

Applications of the Normal Discharge through Rarefied Glases. One 

application of the negative glow has already been mentioned on p. 335, 
namely the negative gloiv oscillograph of Gehrcke. A second example 
is the neon discharge lamp, which is used for illumination. 

No solution has yet been found of the problem of constructing lamps of very 
small candle-powder (economy lamps of say one candle-power) acting on the same 
principle as ordinary incandescent lamps and suitable for use at the normal 
pressures of 110 or 220 volts. The smallest conmiercially practicable candle- 
pow^er for 220 volts is about 15. Neon discharge lamps (fig. 58) represent a 
solution of the problem by another method. Since the normal cathode fall for 
air is about 300 to 400 volts, it is necessary to employ some other gas and elec- 



Eig. 57.—Hittorf’s experiment on cathode fall 
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the 

use 


trodes of such a material as to reduce the cathode fall as much as possible. The 
gas usually chosen is neon and the electrodes are usually made of iron coated 
with metallic barium. The lamps can then be used at 
normal pressures of 110 or 220 volts. In the lamps for 
with direct current the cathode is made as large 
as possible, whereas the anode is usually only 
a short wire. In the lamps for use with alter¬ 
nating current both electrodes are of the same 
size. An auxihary resistance is required and 
is usually incorporated in the base of the lamp it- 
seK. The maximum brightness is about 0-3 candle- 
power and the consumption about 15 watts per 
candle-power. The colour of the light varies from 
pinli to orange according to the nature of the gas 
filling. The normal riuming pressure of the 220-volt 
lamp is 140 to 150 volts. The initial pressure re¬ 
quired to light the lamp is, however, somewhat 
higher than this, viz. 160 to 170 volts. On the 
other hand the pressure must drop some 10 volts 
below the normal running figure before the lamp 
goes. out. 




Pig. 58.—Neon 
discharge lamp 


Fig. 59 a and 
b. — Geissler 
tubes for the 
investigation of 
spectra. 


In addition to its use for advertising purposes, the positive column 
is used as a source of light in spectrum analysis (see Vol. IV). Discharge 
tubes of the shapes shown in fig. 59a are usually employed. The in¬ 
tensity of the light is greatest in the capillary part of the tube. A 
still greater intensity can he obtained with a tube of the kind shown, 
in fig. 596, the capillary part of which is 



Fig. 60.—Negative glow recti¬ 
fier for E.M.F.s up to about 500 
volts. 

[Osram Co., Ltd., Berlin.] 


viewed '' end-on ’h 

Application for ^Rectifying Alter rial ing 
Currents. —The difference between the normal 
and the abnormal cathode fall is widely uscmI 
nowadays in rectifiers, i.e. devices which 
only allow current to pass through them in. 
one direction. 

The tube (see figs. 60 and 61) has one largo and 
one small electrode, the latter being surrounded to 
a great extent by glass in the type shown in fig. 61. 
When the large electrode is cathode and the small 
one anode, the resistance of the tube is small; but 
in the reverse case it is very great, owing to the high 
cathode fall. Hence the current can pass practically 
only in the one direction. The electrodes may also 
be made of difierent materials with different 
cathode falls. 


Positive or Canal Rays. —If a disc with holes (‘^‘ canals ”) in it be 
used as cathode in an oidmary glow discharge, a luminosity is observed 
on the opposite side from the anode. It appears (fig. 62) to belong to 
rays passing through the holes in the cathode. In hydrogen the streaks 
of light are piiik, in nitrogen reddish yellow. They were discovered by 
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E. Goldstein/'^ who gave them the name canal rays. On account of 
their electric charge (see below) they are also frequently referred to 
as ‘positive rays. 

Properties .—Like cathode rays, the positive or canal rays can 
render certain substances luminous. In the case of glass, however, 
this effect is very feeble. Another common property of both kinds of 
rays is that of affecting a photographic plate. Positive rays also appear 
to possess the peculiar property of disintegrating metals upon which 
they fall (''sputtering’’). With gold this effect is particularly marked; 
with iron and aluminium, on the other hand, it is relatively slight. 

Cathode Simttermg .—Use is made of tte smitfenysr of the cathode metal for 
coating articles with a thin layer of the ic.c-'.,-;:, (Mr. ha- the silvering, platinizing, 
and gilding of mirrors and the like. The circular, well cleaned cathode is set up 
at a distance of 1 to 5 cm. from the surface to be coated. The sputtering is carried 
out in Ho, No, or still better in A at a pressure of a few tenths of a millimetre 



of mercury. The pressure is regulated so that the dark space occupies from 4 
to § of the distance between the electrodes, but does not extend to the cathode. 
E.M.P.s of 1000 to 3000 volts are employed and the current strength is made 
as high as possible. 

Tlte region of origin of the positive rays lies chiefly in the negative 
glow”. This is showui by the following experiment. 

A small object, say a rod, is placed in the Hittorf or Crookes dark space. It 
is seen to cast a shadow not only in the negative glow bnt also in the cathode 
surface glow'. If the shadow falls upon some of the holes in the cathode, no 
positive rays emanate from these holes behind the electrode. 

This experiment makes it probable that the canal rays consist of 
positively charged particles which have attained high velocities in 
passing through the cathode fall in the opposite direction from the 
electrons, and whose inertia then causes them to fly in straight lines 
through the holes in the cathode. This is also in harmony wdth the 
fact that the light from the cathode surface glow has the same com¬ 
position (Vol. IV) as that from the canal rays. The cathode surface 
glow is connected, through the holes in the electrode, with, the lumin¬ 
osity of the positive rays on the other side, so that the latter appear 

* Eugen Goldstein, bom in 1850 at Gleiwitz, physicist at the Potsdam Observa- 
,.^tory from 1888, died in 1931. Performed many valuable experiments upon discharges 
through gases. The name “ cathode rays ” is also due to him (1876). 



S4-2 ELECTRICITY IN GASES AND HIGH VACUA 

as a mere extension of tlie former. From this we conclude that the 
light must be produced in both cases by the same process.^ Thus 
positive rays are present in every discharge tube immediately in front 
of the metallic surface of the cathode. The normal disintegration of 
the cathode is due to them. 

Strict proof that the rays consist of positively charged particles 
is obtained by collecting them in a Faraday cage. 

The Nature of Positive or Canal Rays .—In order to determine the 
charge, mass, and velocity of the particles of which the rays are com¬ 
posed, it is necessary (as in the case of the cathode rays, p. 332) to 
measure their deviation in an electric and a magnetic field. These 
experiments, which have been performed very thoroughly by W. 
WiEN,"^ Sir J. J. Thomson, and others, are attended by much greater 
difficulties than the corresponding experiments with cathode rays. 

Thus, for example, the deflection 
by a magnetic field is so small that 
the rays were originally thouglit 
to be incapable of deflection by 
this means. But if strong enough 
magnetic fields be employed, the 
effect can easily bo observed (W. 
Wien, 1900). Rurther, the results 
obtained in the deflection experi¬ 
ments are indefinite, in that the 
luminous spot produced by the rays is not merely displaced when the field 
is switched on (as is the case with cathode rays), ])ut is spread out into a 
band. This may be due to the particles having very different charges, very dif¬ 
ferent masses or very different velocities. The difficulty of deciding ])ctween 
these possibilities arises from the fact that, in order to obtain the rays with 
sufficient intensity, it is necessary to employ considerable gas pressures in the 
discharge tube. This, however, disturbs the experimental conditions. Tlic natures 
of the positive rays could not be satisfactorily determined until it became possible, 
as in the case of the cathode rays by means of the Lenard window (p. 331), to 
separate the region of production of the rays from the region in which the obser¬ 
vation is made. This was done by employing long canals ”, which in combina¬ 
tion with the improved pumping teclmique made it possible to maintain a very 
high vacuum (under Hr “■ nmi. llg) in the space behind the cathode, even though 
the pressure was about 0*01 mm. Hg on the other side of the electrode. 

Rig. 63 shows the construction of such a tube. The cathode K consists of a 
block of metal several centimetres thick, through which is bored an cxtrcmelj^ 
narrow ‘‘ canal It is also provided with an outlet O connecting the “ canal ” 
with a high-vacuum pump Po. The discharge region E and the observation 
region B are completely separated by the cathode, except for the narrow “ canal 
The space B is comiected to a high-vacuum pump Pg, by means of v'liich the pres¬ 
sure is maintained at a very low value, which can be still further reduced by 
absorption vessels cooled with liquid air. Thus the positive ray particles passing 
through the ‘‘canal” enter a space in which they are practically free from dis¬ 
turbances and absorption due to collisions with gas molecules. Only in this 

* Wilhelm Wien (1864-1928), professor at Wurzburg and (from 1920 onwards) 
at Munich. He received the Nobel Prize in 1911. Well known also for Ms work upon 
hydrodynamics and heat radiation (see Vol. V). 



Fig. 63.—Diagram of apparatus for the inves¬ 
tigation of positive rays in a high vacuum 
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way can the electrostatic and magnetic deviations he measured with sufficient 
precision. Since gas is being sucked continuously out of the discharge space E, 
the pressure must be kept up by a corresponding supply through an adjustable 
capillary 

The deflection of positive rays by electric fields is in the opposite 
sense from that of cathode rays. Tor the same applied E.M.F., how¬ 
ever, the deflection is of the same order of magnitude in both cases. 
This means that both types of rays have been accelerated by the same 
potential fall U, a result which is in harmony with wFat has been said 
above (p. 334). For according to p. 315 the deflection is proportional to 
{eim)/v^, and is itself proportional to {ejinyU (p. 323); hence the 
deflection is dependent only upon V .{ejm) ~ {e/m)= U. i.e. only upon 
the potential fall, being independent of the value of (elm). 

The amoiTiit by which positive rays are deflected is not the same 
at all points of their path. With the usual arrangement (fig. 62, 
p. 341), in which the gas pressure is the same through the whole tube, 
the deflection of the rays is greater at great distances behind the cathode. 
The particles must therefore have lost part of their velocity and kinetic 
energy. This is explained as due to encounters with gas molecules, in 
which, the positive ray particles give up a part of their kinetic energy 
in causing ionization, by collision (p. 336). Another result of these 
encounters is that the jDositive ray particles arc scattered and deviated 
from their original direction; hence the indistinctness of their track. 

Deflection experiments have also shown that positive rays contain 
a considerable number of electrically neutral particles (i.e. such as are 
incapable of being deflected), and even particles with negative charges. 
This must be ascribed to interaction with electrons knocked out of 
gas molecules by collisional ionization. These electrons may become 
attached to the initially positive particles, thereby rendering them 
neutral or even negative. Moreover the positive ray particles may 
themselves lose electrons in further collisions. These changes of charge 
within the rays make their precise investigation extremely difficult. 

In general, therefore, positive or canal rays contain particles with 
different charges and also with different velocities and kinetic energies. 
The velocities of a large proportion of the particles are smaller than 
that corrcvsponding to the potential U (see above). 

According to the formula of p. 317, the radius of curvature of the 
rays produced by deflection in a magnetic field is proportional to 
vllejm), i.e. to '\/2U/(e/m), since v = V'2V(elm). As mentioned 
above, positive rays are deflected to a very much smaller extent than 
cathode rays in a magnetic field. Hence, assuming the charge e of the 
positive ray particles to be the same as that of the cathode ray particles, 
the mass m of the former must be very much greater than that of the 
latter. The magnetic deflection of positive rays, as eventually obtained 
by W. Wien in 1900, supports this conclusion. 
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Magnetic deflection confirms the result obtained above by electro¬ 
static deflection, namely that positive rays are very unhomogeneous, 
i.e. that they generally’"contain particles with very diflerent velocities 
and also particles w^hich are electrically neutral or have had their 
charges reversed to negative. 

Combination of electrostatic and magnetic deflection experiments 
permits of the determination of the specific charge {ejm) of the moving 
particles and also of their velocity, without involving a knowledge of 
the E.M.F. U(see § 2, p. 318 et sey.). The following important result 
was obtained: 

The masses of positive ray 'particles are never smaller than those of 
chemical atoms and molecules. 

Even when care is taken to ensure that all the positive ray particles 
have the same volt-velocity (p. 324), a magnetic field sorts out different 
discrete fractions with different deflections (under the same conditions 
there w^ould be no such resolution in an electric field). This can only 
mean that positive rays ahvays contain particles with different values 
of ejm, and (making allowance for the different charges) with difEerent 
masses. 

There is no single hind of carrier characteristic of positive ra/ys. 

The positive ray particles haA^e different masses according to the 
nature of the gas in the discharge tube: these masses are always those 
of atoms or molecules capable of existence in this gas. The par¬ 
ticles carry either one or a relatively small number of elementary 
charges. 

Positive ray particles are therefore singly or multiply charged atoms 
or jnolecules. 

Although determination of the charge e independently of the velo¬ 
city V may show^ the particles to carry several elementary charges, it 
is found that the A^elocity v (as determined by combined electrostatic 
and magnetic deflection) can only be identified with the volt-velocity 
U (see p. 324) by assuming that the majority of the particles have 
■just one 'positive elementary charge. From this it followAS that the par¬ 
ticles must have been singly charged at the time when their velocity 
w'as imparted to them, i.e. as they w^ere passing through the cathode 
fall towards the cathode. The changes of charge by loss or gain of 
electrons must, therefore, haA^e occurred later. 

The velocity of the positiA^e rays can also be determined (J. Stakk) 
by a A^ery elegant optical method, namely from the Doppler effect 
(thl. II, p. 280) of the emitted light waves. The results of these in- 
A^estigations (Vol. V) agree with those obtained by electrostatic and 
magnetic deflection. They showr further that a certain fraction of the 
light from the positiA^e rays is sent out from particles at rest, these 
being excited to emit light by the impacts of the rapidly moving 
positive ray particles. 
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Note .—The metliods outlined above for the determination of the mass of a 
positive ray particle involve a fundamental ambiguity (p. 321). Deflection ex¬ 
periments only give the ratio ejm of charge to mass. Suppose now that in a 
certain case this ratio is found to be hah as great as for hydrogen (p. 321). This 
may mean either that the particle carries a single elementary charge e and has 
a mass twice as great as that of a hydrogen atom, or that it carries a charge 
of 2e and a mass four times as great as that of a hydrogen atom. In the first 
case the particle would have to be identified as a hydrogen molecule which 
had lost an electron and thus become charged with one elementary positive 
charge; in the second case it would have to be identified as a helium atom 
(atomic weight 4) with two elementary positive charges. 

Methods have been found, however, of removing this ambiguity, either by 
very refined measurements (Aston, Vol. V) or by direct counting and determina¬ 
tion of charge, i.e. by measurement of e (see, for example, Regener, Vol. V). 

Electrical Determinations of Atomic and Molecular Weights. —The deter¬ 
mination of the mass of a positive ray particle by deflection experiments provides 
a new method of determining atomic and molecular weights, in which the in¬ 
dividual atoms and molecules are sorted out according to their mass and, as 
it were, separately vei^hed. This method has led to new^ results of chemical 
interest, namely to li.c (according to the gas in the tube) of particles 

w'hich had to be identified as H+, H 2 +, H 3 +, He-H*, He+, 0 ++, N++, 0 +, 

C.J+, C(j+, Hg+ up to Hg with 8 elementary positive charges, 

(CN)+, (C«H«)+, H", 0-, &c. 

Such molecules or ions, which were not previously knowm in chemistry, are 
obviously capable of existence under the conditions obtaining in the discharge 
tube and for the short duration of the observation. In the hands of Aston the 
determination of atomic w^eights by the positive ray method has recently reached 
a degree of accuracy far surpassing that of chemical determinations, and has 
led to a remarkable extension of our knowdedge (see Vol. V, mass spectrograph). 

The Smallest Particle with a Positive Charge.—In spite of all attempts 
no positive ray particle has ever been found with a mass smaller than 
that of a hydrogen atom. This has led to the conclusion that: 

The smallest masses tvhich can he associated with ^positive elementary 
charges are hydrogen ions. 

Positive electrons’’, i.e. elementary positive charges unassociated 
with matter have never yet been observed. 

Hence although a body may be given a negative charge of any 
magnitude by the addition of electrons, it is impossible to charge it 
positively beyond a certain point; for there is no such thing as pure 
positive electricity. The body can only be charged positively by the 
removal of electrons from it. Now it is obviously impossible to remove 
from the body more electrons than it contains. The extent to which 
the body can be positively charged is therefore limited. Thus, for 
example, it is clear that only one electron can be removed from a 
hydrogen atom. The resulting particle, the H+ ion, contains (as far 
as we know) no more negative electricity. Since the ion is the 
smallest material mass w^hich is ever associated with an elementary 

* Recent (1933) work, however, at Cambridge makes it practically certain that the 
positive electron has been discovered. 
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positive charge, it has been given the special name proton. As will be 
shown in Yol. V, the proton (like the electron) appears to play a 
fundamental part in the structure of matter. The data for the proton 
are: m = T66.10“^^ gm.; e= +1*59.10"^® coulomb; ejm = 95,800 
coulombs /gm. 

Anode Rays.—In 1906 Gehkcke and Eeichenheim discovered 
that positively charged rays are emitted directly from the anode of a 
discharge tube, when this electrode consists of a glass tube open at 
one end and filled with a fused salt. The iodides and bromides of 
lithium, sodium and potassium are particularly suitable. In order that 
they may conduct better, they are mixed with powdered graphite before 
being fused. When the current has been passing long enough for the 
anode to have become sufficiently hot, intensely luminous rays are 
emitted from this electrode, giving the appearance shown in fig. 64. 

The rays can be deflected both by an electrostatic and by a magnetic 



y 

Fig. 64.—Anode rays 


field. Hence they are not mere streams of vapour, but real discharge 
rays like the canal rays. Determinations of the mass of the particles 
by deflection (see above) gave in each case the mass of the atoms of the 
corresponding metal. The alkali metal atoms were found to carry one 
elementary positive charge; strontium gave ions with two elementary 
positive charges. 

The anode rays therefore consist of a stream of ^positive metal ions 
flying mvay from the anode. 

It is probable that the anode rays are not derived directly from the 
salt itself, but from the layer of metal vapour at the surface of the hot 
anode. The production of the rays is due to the fact that the use of a 
salt as anode and more especially the presence of a small quantity of 
iodine in the gas cause the anode fall to assume an abnormal magni¬ 
tude. The positive ions are therefore accelerated away from the anode 
in the same way as the electrons are accelerated away from the cathode 
by the cathode fall. Thus the anode rays are the positive analogue of 
cathode rays. 

As far as is knoTm, the alkali metals and alkaline earth metals do not form 
gaseous chemical compounds. They cannot therefore be investigated by the 



CONDUCTION IN GASES 


347 


positive-ray method. Hence anode rays provide for experimental purposes a 
valuable supplement to ordinary positive rays. 

Rdntgen Rays or X-rays. —Using a catHode ray tube of the Lenard 
UoNTGEN observed that new rays are emitted from the parts 
of the tube which are struck by the cathode rays. These new rays had 
the power of rendering luminous certain substances I placed in the 
neighbourhood of the tube; they also affected a photographic plate, 
even though this was wrapped in black paper. Whereas cathode rays 
are completely absorbed by quite thin layers of matter, the new rays 
showed a great power of penetration. The fact that they could not be 



Fig. 65.—Gas-filled X-ray tube (old form). K, cathode; AK, anti-cathode or target; A, anode 
(no longer employed); n, normal to the surface of the target; /?, direction of observation 

deflected by magnetic or electrostatic fields proved that they could not 
consist of moving charged particles. Finally, their property of showing 
interference phenomena (Vol. II, p. 211), such as are characteristic of 
all wave motions, provided proof of their undulatory character. 

Rontgen rays or X-rays consist of waves analogous to those of light 

(p. 646). 

Their remarkable properties will be discussed more fully in Yol. V. 
It suffices here to give a brief description of the methods of production 
of the rays. They are emitted (like light) in all directions from the 
point of impact of cathode rays upon matter. In practice cathode 
rays are concentrated as far as possible upon a piece of metal, the 
so-called anti-cathode or target, which thus becomes the source of 
Rontgen rays. Fig. 65 shows a form of X-ray tube in which the ex- 

* Wilhelm Konrad Rontgen (1845-1923), then Professor of Physics at Wiirz- 
burg, later at the University of Munich, retired from office in 1920. He received the 
first Nobel Prize for physics in 1901. 

f Nowadays zinc silicate containing traces of manganese is generally used; even 
better, but not so durable, is barium platinocyanide. 
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Fig. 66 a .—Modern X-ray tube, for use up to 200,000 volts 
[PhiHps “ Metalix ” deep therapy tube, by Philips Industrial, London.] 
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Fig. 666.—Section of “ Metalix ” tube 
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citing cathode rays are produced by a discharge through a gas. The 
tube shown in fig. 66a, h has a glowing cathode. On account of the great 
evolution of heat (99-9 per cent of the incident energy) the anti-cathode 
or target must generally be specially cooled. See further Vol. V. 

4. Normal Discharge in Gases at Higher Gas Pressures. 

Corona Discharge and Brush Discharge. —As the E.M.F. between 
two electrodes is increased in a gas at relatively high pressure (say 
1 atmosphere), the electrodes (when viewed in the dark) are often 
observed to become covered with a luminous layer or a number of 
luminous points. At the same time the leads are surrounded by a 
feebly glowing sheath {corona discharge). These phenomena are accom¬ 
panied by a humming or buzzing sound. In this kind of discharge, 
which is dependent to a great extent upon the shape of the electrodes, 
'we are again concerned with processes which are produced by collisional 
ionization in the neighbourhood of the electrodes (p. 336), but which 
are unable on account of the relatively high pressure to extend right 
across the gap between the electrodes. As the potential difference is 
still further increased, luminous branching streaks are seen to stretch 
out into the gas {hnish discharge). Those extending from the anode are 
longer than those from the cathode, a fact whereby it is easy to see 
which electrode is which. Corona discharges are very undesirable in 
electrical engineering, as they may cause considerable losses at the 
high E.M.F.s (up to 200,000 volts in overhead mains) which are now¬ 
adays employed. 

Discharge at Points. —This is a special form of corona discharge 
occurring when one electrode is in the form of a sharp point. It appears 
as a luminous tuft at the point. It can often be observed in the open 
air (on masts of ships, &c.), when it is popularly known as St. Elmo’s 
fire. The luminous tuft is divided into three zones; in the case when 
the point is the cathode these correspond to the cathode surface 
glow, the first dark space, and the negative glow. 

The current strength of such a discharge depends very largely upon 
the sharpness of the point and the nature of the surrounding gas. The 
discharge is due to ionization by collision in the strong fi^eld in the 
neighbourhood of the point. As the E.M.F. is increased it eventually 
changes over into a glow discharge with a marked positive column. 

In the case of a point and a flat plate with gas between, the E.M.F. 
required to produce a discharge is usually smaller when the jpoint is 
made the positive pole and the plate the negative pole. In the case of 
gases free of oxygen, however, the current strength of the discharge is 
greater, for a given potential difierence, when the point is the negative 
electrode. 

Discharge at a point does not begin until a certain minimnm potential dif¬ 
ference has been exceeded. Thus it is observed that a silver wire which has been 
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dissolved away at its end to the very small thickness of 0-005 mm. must be 
raised to a potential of +2500 volts before there is any demonstrable escape of 
electricity from the point into the air. When the wire is charged negatively, the 
minimum potential is several hundred volts lower. 

Tlie reasons for the differences of behaviour corresponding to the 
differences of the sign of the point are as follows. When the point is 
negative the whole of the cathode processes, wEich constitute the 
most important part of a glow discharge, can develop normally; but 
when the point is positive, the cathode must be formed in the sur¬ 
rounding gas. Hence in the latter case the discharge usually occurs 
along narrow, variable streaks. 

These differences can be demon¬ 
strated very elegantly in the case of 
a point mounted upon an insulating 
plate whose surface has been sprinkled 
with lycopodium powder. The point 
is raised to a high potential for a short 
time, e.g. by connecting it to one pole 
of an influence machine, and a dis¬ 
charge figure {Lichteiiherg figure) of 
the kind shown in fig. 67 is obtained. 
The nature of the figure is different 
according as the point is positively or 
negatively charged. These differences 
are due ultimately to the fact that nega¬ 
tive electricity exists in the pure form 
as electrons, whereas positive electricity 
is always associated with matter. 

The Qeiger Counter (1913).—When 
the E.M.E. applied to a sharp point is 
lower than the minimum E.M.F., no 
discharge occurs because the field 
strength is not great enough to give rise to the cumulative increase in the number of 
carriers by collisional ionization (see fig. 56, p. 338). But if a large number of 
carriers is introduced for a moment near the charged point, a discharge may be 
started even though the E.M.F. lies below the critical value. Such an intro¬ 
duction of carriers may occur, for example, when a very rapidly moving charged 
particle flies past. The large number of carriers thus produced by collision (see 
figs. 53 and 54, pp. 336 and 337) causes a glow discharge of short duration, the 
passage of w’hich may be observed with the help of a current meter or a telephone. 
In order that the current shall not automatically increase too much in strength, 
but shall stop again as soon as the particle has flowm past, a high resistance is 
inserted in the lead to the point. In fig. 68 the inner electrode D (e.g. a gramo¬ 
phone needle) is insulated from the metal tube A (diameter about 2 cm.) by an 
ebonite block E. The mner electrode terminates in a sharp point of easily oxidi- 
zable steel or in a small platinum sphere. The chamber is provided with an 
opening B through wfiiich the particles can enter. The potential of the tube A 
may be either positive or negative. With the help of this counter the entry of 
single rapidly moving electrons or positive particles can be very elegantly demon¬ 
strated (see Vol. V). 

* Georg CHEproPH Lichtexberg, born in 1744 near Darmstadt, died 1799, 
Professor of Physics at Gottingen, also well known as a satirical writer. 



Fig. 67.—Lichtenberg figure formed by the 
discharge from a positively charged point 
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Spark Discharge.—Either of the above types of discharge may 
occurj according to the shape, capacity and distance apart of the elec¬ 
trodes; or another type, the electric spark, may be observed. 

The latter consists of a sudden leaping of the discharge right across 
the gap between the electrodes. It is preceded by an intense produc¬ 
tion of carriers by one of the processes described above. The spark 
advances out of a corona discharge in a series of distinct jumps until, 
uniting with the discharge from the opposite electrode, the final spark 
discharge occurs, i.e. there is a momentary enormous increase of current 
strength due to a sudden cumulative production of carriers. The 
heating of the cathode at the sparking point plays a decisive part in 
this production of carriers (Arc Dis¬ 
charge, p. 352). The sharp noise of 
the spark is due to the sudden intense 
heating of the air surrounding the 
path of the discharge. For further 
details concerning spark discharges 
see p, 567 (oscillations) and VoL V 
(lightning). 

In the case of electrodes of well- 
defined size and shape, e.g. spheres 
of definite diameter, the E.M.F. re¬ 
quired to produce a spark is uniquely 
determined by the distance across which it has to pass. The E.M.F. 
can then be determined approximately from the maximum length of 
the spark. Some numerical values are given in Table XII. 

Table XII.— Sparking Potentials (in Volts) for Spark Lengths s 
BETWEEN Equal Spheres op Diameter cl 



c? in 
\ cm. 

N 

I in "x 
cm. \ 

I 

2 

lO 

25 

0-1 

5,000 

_ 

_ 

4,600 

0-2 

8,700 

8,500 

— 

7,000 

0-5 

17,900 

17,900 

— 

17,400 

10 

29,300 

32,000 

32,100 

31,800 

5 

_ 

76,800 

128,000 

138,000 

10 

_ 

— 

200,000 

247,000 

40 

— 

— 

— 

555,000 


Spark Lag ,—Since the production of the enormous number of carriers neces¬ 
sary for the spark discharge takes an appreciable time, there must be a certain 
interval between the application of the potential difference and the actual pas¬ 
sage of the spark. This lag may be reduced by the previous introduction of a 
large number of carriers between the electrodes. 
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Arc Discharge —This is related to the glow discharge. Its pecu¬ 
liarity lies in the fact that the cathode is very strongly heated by the 
current process itself, thus becoming an extremely intense source of 
electrons (p. 312). 

Two carbon rods connected to the poles of a battery giving a potential dif¬ 
ference of 110 volts may be brought very close together, almost to touching, 
without any discharge. When they are made actually to touch each other a 
current passes, the strength of which depends upon the E.M.F. of the battery 
and the resistance of the whole circuit. 



Fig. 69.—Electric arc. Left-hand carbon +, right-hand carbon — 

[From Marx, Handbuch der Radiologie^ Vol. IV, Part V, published by Akad. Verlagsges., Leipzig.] 


Separation of the carbon rods so as to leave a gap of about 3 mm. between 
their ends does not stop the current. On the contrary, the space between the 
carbons is bridged over by an intensely luminous arc which maintains the con¬ 
duction. The ends of the two carbon rods become white hot, but the arc itself 
gives out only little light. If the current be switched oh after a few minutes, 
it is seen that the positive rod has become much hotter than the negative one; 
the former goes on glowing for a considerable time after the latter has become 
quite dark. 

By projecting a real image of the arc upon a white screen with the help of a 
convex lens w^e obtain the result shown in fig. 69. The positive carbon (on the 
left in the figure) bums out into a deep crater. The actual sources of the intense 
white light are the interior and edges of this crater, the arc itself emitting only 
a relatively feeble bluish-violet. 

* Sm Humphey Davy (1778-1829), see footnote to Vol. II, p. 27. He first pro¬ 
duced an electric arc between carbon points in the year 1812, using a battery of 2000 
cells. The length of the arc so obtained was 4 inches. 
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The arc discharge is essentially similar to the discharge with arti¬ 
ficially heated cathode (Wehnelt tube, p. 319), but in the case of the 
arc the heating of the cathode is due to the current process itself. 
That the high temperature of the cathode is mainly responsible for the 
production of the arc is proved by the following experiments. 

{a) Attempts to produce an arc between a carbon rod and an aqueous elec¬ 
trolyte solution are unsuccessful when the latter is the cathode. 

(6) It is only possible,to light an arc again with a small E.M.F. and without 
bringing the electrodes again into contact, provided that the cathode is still 
sufficiently hot. This can be demonstrated by using as electrodes a rod of carbon 
and a rod of some metal (e.g. copper) Avith a high thermal conductivity, and making 
first the one and then the other the cathode. 

(c) If one electrode is a metal plate and the other a carbon rod which can be 
moved about over the plate by hand, it is found that, when the carbon is the 
cathode, the arc can be drawn around over the plate along Avith the carbon rod 
without being extinguished. But when the plate is the cathode, this is impossible. 

Tbe arc discliarge consists of the 
following parts (see fig. 69): at the 
catbode tbe very bot spot at wbicb tbe 
arc terminates; in front of tbe catbode 
tbe catbode brush; then after a darker 
dividing space tbe axe column or posi¬ 
tive column; and often also a liiminous 
anode layer. Tbe catbode brush cor¬ 
responds to tbe negative glow. Tbe 
first dark space is absent, tbe cathode fall being very small on ac¬ 
count of tbe enormous electron emission from tbe catbode. 

Tbe preliminary contact of the electrodes serves to produce a suffi¬ 
cient initial beating of the catbode by tbe great increase of resistance 
just before separation. 

Tbe tempemtufes in a carbon arc are extremely high, that of tbe 
positive crater being 4000*^ C, and that of tbe negative point somewhat 
lower. At greater gas pressures temperatures are still higher. In this 
way Lummer was able to exceed tbe temperature of the sun (about 
6000° C.). As is seen from tbe example of fig. 70 (after Matthiesex), 
tbe temperatures of certain parts of tbe space between tbe electrodes 
are higher than that of tbe catbode. 

In tbe case of a direct-current arc between pure carbon electrodes, 
about 85 per cent of tbe light is emitted by tbe anode and only about 
10 per cent from tbe catbode. Hence tbe arc should always be arranged 
in such a way that best use can be made of tbe light from tbe anode 
(e.g. horizontal position of tbe anode in projection apparatus). Be¬ 
cause of its higher temperature tbe positive carbon burns away faster 
than tbe negative one. For this reason tbe diameters should be in tbe 
ratio 9 : 5 (positive to negative), so as to ensure equal rates of con¬ 
sumption (see fig. 69, p. 352). As tbe carbons burn away, tbe gap 

( E 617 ) 24 



Fig. 70.—^Temperatures in a 
direct-current arc 
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between tbem tends to "widen. Hence arc lamps require continuous, 
regulation. A large number of devices exist whereby this regulation i^ 
automatically performed; they cannot, however, be discussed here. 

The potential difference between the electrodes is only 35 to 40' 
volts, so that unless two arc lamps are connected in series when the 
mains pressure is 110 volts (or four arc lamps in series when the mains 
pressure is 220 volts), a large fraction of the available energy must be 
lost as heat in a resistance. 

Relation between Current Strength and Potential Difference in the 
case of Arc Discharge. —In parallel with the pure carbon electrodes 
(see p. 355) we connect a voltmeter; in the main circuit we in¬ 
clude an ammeter and a rheostat. When the resistance is varied, 


the current strength and potential difference also vary. 

Plotting as ordinates the E.M.P. 
\ U between the carbons and as abscissae 

\ the current strength I for a constant 

\ distance between the electrodes, we 

N. obtain hyperbolas of the kind shown 

V _ in fig. 71. These curves may be called 

the characteristics of the arcs. Thus as 
fci the current strength increases, the 

I potential difference decreases, a be- 

' -- haviour opposite to that shown when 

, Ohm’s law holds. We have seen 

(Longer arc above.) (fig. 52, p. 336) that Ohm S laW IS llOt 

obeyed in the case of glow discharges. 
Now in the case of an arc between pure carbon electrodes we 
encounter a third kind of relation between current strength and 
potential difference, namely the descending characteristic. 


It is not difficult to obtain at least a qualitative insight into this behaviour 
in the light of 'vvhat has been said above concerning the nature of arc and glow 
discharges. CalHng the quotient U/I the resistance, the course of the character¬ 
istic curves of fig. 71 indicates that the resistance of the arc falls off rapidly as 
the current strength increases. Two of the possible causes of this are a very 
great increase in the number of carriers and an increase in their velocity of migra¬ 
tion. Now from what has been said above we can understand at once that the 
number of carriers must increase very rapidly as the current strength is increased; 
for the moving carriers, especialty the electrons, produce secondary electrons, 
and the number is still further increased by the photoelectric effect (p. 312) of 
the light emitted, so that the whole process 'would go on becoming more and 
more intense w'ere it not subject to some kind of external restriction. The altera¬ 
tion of the velocity of the carriers, which would normally decrease with decreasing 
potential difference, also plays an important part; but we cannot discuss here 
these very complicated and by no means completely explained phenomena. 
Concerning the processes when an alternating potential difference is applied to 
the arc, see p. 585. 


Neither a glow discharge (see neon discharge lamp, p. 340) nor a 
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carbon arc can run without an additional resistance connected in 
series, by means of which the current strength is limited to a certain 
maximum value. Hence the available E.M.F. must always be higher 
than that which actually exists between the electrodes. This is also 
necessary for another reason, as may be seen from the characteristic 
curves of fig. 71. For if the current strength decreases (e.g. owing to 
cooling of the gas between the electrodes by a draught), the E.M.F. 
must rise. Unless this is possible, the arc goes out. 

Under certain conditions the necessary limitation of the current 
strength may be effected by heat radiation. 

This is the case, for example, in carbon filament incandescent lamps. Since 
the resistance of carbon decreases with rise of temperature (p. 243), the current 
passing through the filament at constant E.M.E. tends to go on increasing in¬ 
definitely. But the greater the temperature difference between the filament and 
the surroundings, the more rapid the heat radiation (Vol. II, p. 179). A state 
is eventually reached in which the rate of increase of radiation with further 
rise of temperature becomes greater than the corresponding rate of decrease of 
resistance. 

The current strength must then stop increasing; for any further rise of tem¬ 
perature would result in heat being radiated at a greater rate than it could be 
supplied by the current processes. Thus w'ere it not for the heat radiation, it 
would be quite impossible to use a carbon filament for lighting purposes at con¬ 
stant E.M.F. and without a resistance in series. 

All liquid electrolytes also show the same behaviour, namely, a 
decrease of resistance with rise of temperature. Equilibrium is not 
reached in all cases. This is shown by the following striking experi¬ 
ment (after Pohl). 

At relatively high temperatures glass conducts clectrobdically (p. 158). A 
glass rod about as thick as an ordinary pencil is fixed between two metal electrodes, 
betvx'en which is applied a potential difference of 220 volts. The circuit also 
includes an ammeter and a protecting resistance of about 5 ohms. AVhen the 
glass rod is heated with a Bunsen burner, a measurable current is observed even 
before the rod becomes red hot. Then, although the Bunsen burner is immedi¬ 
ately removed, the current strength goes on increasing and the rod gets hotter 
and hotter. Finally the rod melts and the current is stopped. 

With tlio help of a voltmeter connected in parallel with the electrodes it can 
he observed that the E.M.F. falls off as the current strength increases. 

Such occurrences are frequently met with in practice, e.g. in using 
the electrolytically conducting Nernst lamp. 

Marne Arcs .—When volatile salts are introduced into an arc, the 
latter is coloured by the light emitted by the metal vapour (Vol. V). 
In this way, making use not only of the light emitted by the hot carbon 
electrodes but also of that emitted by the gases between, a better dis¬ 
tribution of intensity and also a greater illuminating power for a given 
current can be attained. 

The salts formerly used were CaF 2 and NaF, which give a yellowish. 
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red and yellow liglifc respectively. Nowadays use is generally made of 
tlie fluorides of magnesium and of tlie rare eartli metals, wliicli give a 
wkite ligEt. 

The salts are pressed into a hole bored through the axis of the car¬ 
bons. The specific consumption of such flame arc lamps is about 0-2 
to 0*3 watt per candle-power, as against about 1 watt per candle- 
power for an ordinary carbon arc lamp. It is also remarkable that the 
characteristic of these lamps is not a descending one, but corresponds 
more or less to Ohm’s law. 

Mercury-vapour Lamp.'^—liQ. this t 3 rp 6 of lamp use is made of the 
incandescence of mercury vapour in an arc (usually between mercury 



Fig. 72.—Mercury vapour lamp 
[Kelvin, Bottomley and Baird, Ltd., Glasgow.] 


electrodes). The amount of, light given out by the electrodes them¬ 
selves is only small. Eig. 72 shows a practical form. The electrodes 
are of mercury, and are cooled by external metal fins. The leads of 
invar steel are sealed into the tube, which is usually made of quartz, 
a substance which admits of high arc temperatures and hence great 
luminous intensity and relatively small dimensions. In order to light 
the lamp, the tube is tilted so as to produce a continuous thread of 
mercury between the electrodes, and is then righted again, whereby 
the thread of mercury is broken and the arc is formed. The colour of 
the light (see Vol. IV) is bluish green and contains only a few spectrum 
lines in the visible, the strongest being in the green and blue. Since the 

The mercury-Yapour lamp was first described by Leo Aeons (1860-1919) in 1892. 
In 1904 CooPEE Hewitt chose a very wide glass tube and also added special cooling 
chambers to prevent the walls being too .strongly heated, thus giving the lamp a prac¬ 
tical form for illu mi nating purposes. The firm Heraecs of Hanau later succeeded in 
constructing the lamp of quartz, which is transparent to ultra-violet as well as to 
visible light. 



DISCHARGE IN GASES 


357 


light from the mercury-vapour lamp contains no red, all red materials 
appear a dirty brown-grey when illuminated by it. The lamp emits 
a large amount of ultra-violet light; this is stopped by glass but trans¬ 
mitted by quartz. On account of the biological action of these rays 
quartz lamps of this type are in wide use as artificial sunlightand 
for the sterilization of drinking water, &c. 

In the neighbourhood of a recently lit quartz mercury-vapour lamjD 
there is always a smell of ozone. This is formed by the irradiation of 
the oxygen of the air with ultra-violet light. It is extremely injurious 
to the eyes to look directly at a quartz mercury-vapour lamp: very 
dangerous inflammations of the eyes are produced by the ultra-violet 
rays. Hence in working with quartz lamps it is necessary to protect 
the eyes, e.g. with ordinary glasses. 

The temperature of the mercury 
arc under normal load is about 2000° 0. 

Under four atmospheres pressure it 
has been possible to raise it locally 
to something like 8000° to 10,000° C. 

Imltcsirial Applications of the Electric 
Arc. —In addition to the use of arc lamps 
for purposes of illumination (see above), 
the chief applications are (1) for the pro¬ 
duction of high temperatures and (2) for 
rectifying alternating currents. 

1 . Carbon arc furnaces consist of a hous¬ 
ing of clay into which two carbon rods 
project througli holes in the sides. The 
carbon rods are connected to a powerful 
source of current, and an arc produced 73 —Small arc furnace 

between them with a current strength of 

several hundred amperes. The substances to be heated are exposed directly 
to the arc. A furnace of this kind for experimental purposes is depicted 
in fig. 73. Tig. 74 shows a dincrrarnmntic cross-section. In some cases the 
crucible itself is made one pole (■■■ : Ii.;' ti'C other being a carbon rod or Inmdle 
of carbon rods. This type of furnace is especially suitable in cases where the 
substance in the crucible is to be simultaneously heated and rlr‘::t''"'’'y--'-l. Fre¬ 
quent use is also made of a combination of arc furnace and c- 

(see fig. 75). 

As an example of an industrial process carried out on this principle Ave may 
quote the large-scale production of calcium carbide (OaC.>) from lime and coke. 
On account of the use of CaG 2 for the preparation of calcium cyanainide (fer¬ 
tilizer) and the rapidly increasing consumption of acetylene (preparecl from 
CaCa by the action of water) for welding and for the synthesis of organic sub¬ 
stances, the annual output of calcium carbide by” this method had risen in 1927 
as high as IJ milHon tons. The furnaces are built in units consuming up to 25,000' 
kilowatts. 

Also interesting from the point of view of phy^sics is the process in ■which 
air is passed through an electric arc at about 3000°, whereby the nitrogen is 
burned to nitric oxide in accordance with the equation 

Na -h O 2 2NO 
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The nitric oxide is then further oxidized to NOg and this is then converted into 
nitric acid by treatment with water.* 


^ujimeltecL 

Fig. 74 .—indirect heating Fig. 75 .—Combined arc and resistance furnace 

Figs. 74 and 75 .—^Arc furnaces 

In order to obtain rapid cooling of the products and thus prevent the NO 
from breaking dovm again, the arc is extended as much as possible. In the Birke- 
land and Eyde process this is done by means of a transverse magnetic field. The 
paths of the carriers are then curved (see p. 317), and the arc is distended into 
a semicircular (or if the electromagnets are fed with alternating current into a 
circular) sheet (see fig. 76). At 4000 kilowatts the 
diameter of this sheet of flame is 3 m. 

Space does not permit here of more than a 
bare mention of the production of ozone by 
electric glow discharge, the electrothermal pro¬ 
duction of carborundum, artificial corundum. 


Fig. 77 .—Mercury vapour 
rectifier. (AB, direct-current 
consumer; C, alternating 
current.) 

carbon disulphide, and phosphorus, and the manufacture of electro-iron and 
electro-steel. 

2 . Mercury-vajjour Bectifier .—^The fact that an arc can only continue to burn 
when the cathode is hot is made use of for the rectification of alternating currents. 
Fig. 77 shows the principle of the circuit. The rectifier consists of a well-evacu¬ 
ated vessel of glass or iron in wHeh is a pool of mercury acting as cathode K. 
The iron anodes and Eo are relatively large, so as not to become too hot. The 

* As early as 1785 and 1788 respectively Cavendish and Pe-iestley observed tbo 
formation of nitrogen oxides wFen an electric discharge is passed through air. 



Fig. 76 .—Electric arc distended by a 
magnetic field 
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arc concentrates itself upon the cathode in a small spot which moves about 
irregularly and rapidly over the surface of the mercury. The current density at 
this spot is about 4000 amperes per cm.^ and the temperature is between 2000° 
and 3000° C. When once the arc is lit (the auxiliary device whereby this is per¬ 
formed is not shown in the figure), it can only continue to burn provided that 
K is the cathode. The alternating current is passed through the primary of a 
transformer (§ 8, p. 508), the secondary of which is tapped at the middle point 
M. When the direction of the alternating current is from towards So, it flows 
by way of E2 and K through the current consumer AB to M. When the direction 
of the alternating current is reversed, i.e. is from 83 to it flows by V'ay of 
El and K to M. Thus between the terminals AB of the consumer there is a uni¬ 
directional (variable) pressure. The choMng coil (p. 483) serves to bridge over 
the moment of zero current by virtue of its “extra current” (p. 396), thus 
preventing cooling of the cathode spot. 



CHAPTEE XI 


Metallic Conduction 

I. Electrons as Carriers of Current in Metals 

Tile detailed explanation of conduction in metals remains one of 
the most puzzling problems of physics. The reason for this lies in the 
fact that, as in all conduction processes, the essential factor is the 
behaviour of the matter through which the conduction takes place. 
Xow, as we have seen above, a certain degree of clarity has been 
attained in explaining the processes of conduction in liquids and gases, 
because we are more or less acquainted with the internal molecular 
nature of these states of aggregation. But the solid state and particu¬ 
larly the internal state of metals are not nearly so well understood 
(Vol. V). 

The Validity of Ohm’s Law.—Ohm’s law holds strictly for metallic 
conduction, i.e. the current strength is proportional to the applied 
potential difference. 

Deviations only appear to be possible under quite extreme con¬ 
ditions, namely, in the super-conducting state (p. 245) where the 
validity of Ohm’s law has not yet been proved, and also at very high 
cm’rent densities of about 5 million amperes per cm.- (deviation of 
approximately 1 per cent according to Beidgman, 1922). 

The Nature of the Carriers.—One of the most important facts 
about the transport of electricity in the interior of metals is that it is 
'not accompanied by a transport of matter. We are familiar with this 
from everyday experience, and the most accurate experiments de¬ 
signed to detect a transport of matter have always given a negative 
result.* 

Hence the particles which carry the electricity must be non¬ 
material. Now we have already become acquainted with such mobile 
particles of pure electricity, namely, electrons; and we may presume, 
therefore, that conduction in metals may also be due to the agency of 
electrons. To make this certain, it is necessary to determine the mass 
and charge of the carriers. 

* The case of liquid alkali metal amalgams is the only one in which it has been 
possible up to the present to detect any motion of matter. Here there is a very slight 
displacement of the alkali metal towards the cathode. 

3G0 
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C. R. Tolman and his collaborators have succeeded in doing this (1916-26). 
The principle of their method is as follows. On the assumption that the charged 
carriers in a metal are free to move and that they possess mass and inertia, they 
will necessarily be displaced relative to the solid lattice of the metal when the 
latter is accelerated. The result will be an accumulation of excess carriers at 
one end of the piece of metal (i.e. the appearance of a charge of the same sign as 
that of the carriers) and a deficit of carriers at the other end (i.e. a charge of 
opposite sign). Hence between the ends of the piece of metal there will be a 
certain potential difierence. If e/m is the specific charge of the carriers, I the 
length of the piece of metal and a the acceleration, then the value E of the field 
strength produced is 

E - 

6 

The significance of this equation will be readily appreciated; its complete deri¬ 
vation need not be given here. The actual experiment emplo^^s a flat coil with 
many turns of thin wire made of the substance under investigation; this is 
rotated rapidly in its own plane and then suddenly braked. The ends of the 
coil are connected to a sensitive galvanometer by means of wires running along 
the axis of rotation. 

In tLis way it was proved that the carriers are negatively charged. 
The value obtained for ejm (average for Cu, Ag and Al) was 1-5.10^ 
coulombs per gm., which is in very satisfactory agreement with the 
value T77.10® for electrons (p. 321). 

Hence the freely moving carriers in metals are electrons. 

A second way of proving this is as follows. In spite of the free charges in the 
interior, no external magnetic field can be detected when a metallic conductor 
is moved with uniform velocity; for the numbers of positive and negative charges 
are equal and their external effects therefore compensate each other. But if the 
charges of one sign move with greater velocity than those of the other sign, tlie 
magnetic effect of the former will be greater than that of the latter, and the 
difference between them will be observable outside the conductor. Now if we 
move the conductor backwards and forwards, v'e shall shake up the electrons 
rather like peas in a box, and in consequence of then motion relative to tlie rest 
of the conductor we shall observe an alternating magnetic field in the surrounding 
space. The magnitude of this field may be measured by means of its induction 
effects (p. 387). 

Experiments of this kind verify the truth of the above result with 
even greater accuracy than the experiments previously mentioned. 

Further support is also provided by the fact that it is possible to 
extract electrons out of metals by the application of very strong electric 
fields (p. 311). 

Theories of Electron Conduction in Metals.-— The most recent views con¬ 
cerning the nature of electron conduction in metals are closely hound up with 
our knowledge of the electrical structure of matter. They w’'ill therefore be dis¬ 
cussed (as far as that is possible to-day) in Vol. V. The underlying theory, ex¬ 
pressed quite crudely, is that in the interior of metals a certain number of electrons 
are actually separated from the metal atoms. That this separation may occur 
with ease is proved by the existence of positive metal ions in electrolysis. In. 
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metals it is probably due to tbe extreme proximity of the electric fields of neigh¬ 
bouring atoms (theory of Le3 :7 ari)). Thus we may imagine that in the interior 
of a metallic conductor there are always a large number of electrons with the 
capacity to move “ freely ” in the interstices of the lattice of atoms and ions. 
With certain restrictions it has been found permissible to treat these electrons in 
accordance with the principles of the kinetic theory, considering them as per¬ 
forming random motions (see Vol. II, § 28, p. 126 et seq.) in which (by the principle 
of the equipartition of energy in thermodynamical equilibrium) their mean 
kinetic energy is equal to that of gas molecules at the same temperature.* On 
account of their extremely small mass the electrons must therefore possess quite 
a high average velocity, namely about 100 km. per second (Vol. II, p. 47) at 
ordinary temperature. The velocities of the electrons, which are due to thermal 
agitation, are distributed at random over all directions, so that on the average 
equal numbers of electrons are moving in all directions of space. The positive 
metal ions, on the contrary, occupy fixed positions in the space lattice of the 
crystalline conductor. When now an electric field is produced and maintained 
between two points of the conductor by the application of a certain potential 
difference, all the free electrons have an additional component motion imparted 
to them in the same direction, namely in the opposite direction to the field. 
We must assume that the ‘‘ conductivity electrons ” are not seriously impeded by 
the atoms and ions of the space lattice (Vol. V). In most cases the effect of the 
field forces of these atoms and ions is probably merely to deviate the electrons 
more or less. Eventually, however, the moving electron will be held fast by an 
atom or more probably by an ion. Another electron then continues in its place, 
so that on the average the number of free electrons per unit volume (the density 
of conductivity electrons) remains constant. Thus the electric current in a metallic 
conductor consists of a stream of electrons moving in the negative direction of 
the electric field. In cathode rays we have already become acquainted with a 
similar electron stream. In the present case, however, the velocity component 
attained under the accelerating action of the field is always lost after a certain 
time, the electron either being brought to a complete standstill by combination 
with an atom or ion or else being successively deflected until it is moving at right 
angles to the direction of the field. Hence the electrons, like the thermally agitated 
molecules of a gas, must possess a meayi free path. As a result of the combinations 
and deflections the kinetic energy of the electrons derived from the field becomes 
distributed amongst the atoms and over all directions in space, so that directed 
energy is transformed (at least partially) into random energy. But such random 
kinetic energy is heat. Thus by the action of the fixed ions and atoms a part of 
the electrical energy is transformed into heat, just as if the electrons were sub¬ 
jected to a frictional resistance opposing their directed motion in the electric 
field. Obviously the fraction of the electrical energy which is transformed into 
heat will increase as the velocity of the electrons is increased, i.e. ceteris paribus 
as the field strength is increased. Under the action of the field, therefore, the 
electrons finally attain a certain mean velocity component in the field direction, 
and the magnitude of this component is proportional to the field strength. This 
state is reached when the rate at which kinetic energy is being transformed into 
heat is just equal to the rate of supply of energy from the field. The larger this 
mean velocity of migration of the electrons, the greater also the rate of transport 
of electricity through the conductor, i.e. the greater the current strength. The 
current density, i.e. the current strength per unit area normal to the current 

* It has been sho^vn to be probable (Sommerfeld) that the statistical distribution 
of the velocities of the electrons does not correspond to the ordinary Maxwell law. 
According to this view the electron velocity in the interior of metals is independent of 
the temperature within the ranges which we can attain (so-called gas degeneration). 
Bor further information on this point see Vol. V- 



ELECTRONS AS CARRIERS OF CURRENT 363 

direction, must depend not only upon the field strength but also upon the mean 
free path and the density of the conductivity electrons. These last two factors 
are specific constants for each conducting substance: in combination they deter¬ 
mine the specific conductivity. 


Velocity of Migration of Electrons in Metallic Conduction.~A\ e 

can deduce the approximate value of the velocity component in the 
field direction by the following consideration. For a conduction pro¬ 
cess obeying Ohm's law we have the relation (p. 274) 

^ == nek (u + 


In the case of metallic conduction 0, and we have 

U , U 

tv KncA 

As an example we may take the case of a copper wire 1 mm.^ in cross-section 
and 10 na. in length. According to p. 223 the resistance of such a wire is 0-17 
ohm. Hence when a potential difference of 1 volt is applied between its ends, a 
current of about 5*9 amperes will flow through it—a current strength which will 
not cause a serious heating effect in the wire. In the absence of more exact know¬ 
ledge we may make the assumption that the number of conductivity electrons 
m equal to the number of atoms. Now according to Table III, Vol. I, p. 413, the 
mass of 1 cm.^ of copper is 8-9 gm. Since the atomic weight of copper is G3-6, 
this represents 0-14 gramme-atoms. Now 1 gramme-atom contains G*0(j. 10-=^ 
atoms (Vol. II, p. 53); hence the number of atoms in 1 cm.^ of copper is 85 . 10‘^h 
Further, 6 = 1*6.coulomb (p. 322) and A = 0-01 cm.^. 8ubstitiiting, we 
obtain: 

^ (>0017 . H5 . . lO-ii* “ U “ cm./see. 


The electrons therefore attain this component velocity of cabout 
I' nmi. per sec. in the negative direction of the electric field. The 
reason for the smallness of the velocity lies in the smallness of the field 
strength that can be maintained in metals. In the above exani 2 :)le, 
where the current load in the wire was about the maximum attainable 
under normal conditions, the field streyigtli w'as only 


U 


d 


1 

1000 


0*001 volt/cm. 


We see that the electrons move through a metal wire similarly to gas mole¬ 
cules moving through a narrow tube plugged with a porous wad. In both cases 
there is a frictional resistance (see above). 

The existence of this resistance is proved by the evolution of heat. It may 
also be demonstrated directly by the following elegant experiment. (Compare 
fig. 64, p. 205, in which the spoked wheel is to be imagined as replaced by a 
solid disc.) 

A circular disc of copper is mounted between the poles of a magnet in such a 
way as to be capable of rotation about a horizontal axis through its centre and 
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perpendicular to its plane. The edge of the disc dips at its lowest point into a 
trough of mercury. Let a current be passed through the disc in the direction 
from the axis to the mercury. The negative current thus flows more or less 
vertically upwards. Since this electron current flows through a transverse mag¬ 
netic field, it is deflected (as explained in § 2, p. 316 et seq.) in a direction at 
right angles both to its ovu direction of flow and to the magnetic field. Now 
the electrons are subjected to a frictional resistance when they move relative 
to the metal. Hence their lateral motion wall be transmitted to the disc, which 
will therefore be set into rotation. In actual fact the disc is observed to turn 
in the expected direction. 

Hall Effect and Related Phenomena.—^As a result of this deflection 
of electrons in a magnetic field we may expect that a potential difference 
will be produced in the conductor at right angles to the direction of 



the primary current. Eor since the electrons are deflected laterally by 
the magnetic field, there must be an excess of them on one side and a 
deficit on the other. Eflects of this kind have indeed been observed. 
More accurate investigations have shown, however, that the crude 
theory of an ''electron gas’’ does not suffice even for a qualitative 
explanation of the phenomena. This illustrates particularly clearly 
the incompleteness of our present knowledge of the processes of con¬ 
duction in metals. 

Consider a thin metal plate (fig. 1) through which flows a uni¬ 
formly distributed electric current. Between two points A and B 
equidistant from the leads is connected a sensitive galvanometer A. 
There is no observable difference of potential. But when now a mag¬ 
netic field is produced perpendicular to the plate (see the arrows in 
fig. 275), a current is observed to flow between A and B (Hall effect), 
the lines of flow being as shown in the figure. The magnitude of the 
effect is proportional to the product of the primary current strength 
and the magnetic field strength. It is especially large in bismuth, and 

* E. H. Hall, born in ISoo at Gorbam, Maine, Professor at Harvard University. 
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even considerably larger, but of opposite sign, in tellnrimn. Since tbe 
effect may bave different sign in different cases and since it is affected 
to a large extent by impurities, 
tbe underlying mecbanism must 
be very complicated and de¬ 
pendent upon tbe nature of tbe 
material in wbicb it occurs. 

For a plate of bismuth 0-01 
mm. thick and for a primary 
current strength of OT ampere 
(i.e. for a comparatively wide Fig. 2 .--Ettinghausen effect 

plate) tbe potential difference 

produced by a magnetic field strength of 10,000 gauss is of tbe order 
of magnitude of 0-01 volt. 

Along with the Hall effect there is also an observable thermal 
effect (Ettinghausen), a temperature gradient being produced in a 
direction at right angles to the primary current (fig. 2). 

If a current of heat be 



passed through the plate in 
the place of the current of 
electricity, a transverse poten¬ 
tial difference is again ob¬ 
tained (Nernst effect, fig. 3), 
and at the same time a trans¬ 
verse temperature gradient 
(Leduc). 

Similar effects are also 



Current 

Fig. 3 .—Kernst effect 


observed when the direction of the magnetic lines of force coincides with 
that of the primary current of electricity or heat (longitudinal effects). 

Making use of the electron gas ’’ theory, we can obtain mental 
pictures of a few further phenomena, or at least of their main features. 


Thermionic Emission.—As the temperature is raised, the mean kinetic 
energy of the electrons is increased and they become able on the average to pass 
through opposing fields of greater strength.* At higher temperatures, therefore, 
larger number of electrons can escape from the metal, which becomes sur¬ 
rounded by a ‘‘ cloud ” of electrons like the vapour of a liquid in a closed vessel. 
In the present case the analogy to the closed nature of the vessel is provided by 
the electric forces which come into play. By removing the escaping electrons 
from the neighbourhood of the metal by means of an applied electric field, it is 
possible under certain conditions to obtain a strong stream of electrons^ (fig. 
4, compare fig. 36, p. 593). This is the thermionic emission already mentioned 
on p. 312. The quantitative treatment of the theory that thermionic emission 
is analogous to evaporation (i.e. that the statistical equilibrium^ befcveen the 
electrons escaping by virtue of thermal energy and those returning under the 
electrical forces is comparable to the equihbrium het'ween the molecules of a 


* The mean velocity of 100 km. per second at room temperature corresponds to a 
volt-velocity (p. 324) of 0*03 volt. 
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vapour and its lic^uid) leads to the following ec^uation (Hichabdsok’s e(][iiatioii) 
for the saturation electron current viz.: 

I, = 



Fig. 4 . — Temperature 
variation of the saturation 
current Is in thermionic 


w^here a and 6 are constants characteristic of the material, and T is the absolute 
temperature. It may he remarked that the nature of the surface has a very 
great effect upon the emission and may in certain cases entirely alter its order 
of magnitude. (For further details, see Appendix II.) 

On this theory the emission of the individual electrons must occur at random 
intervals on account of the statistical fluctuations of velocity. Hence there 
must be a corresponding statistical fluctuation of the 
emission current. This has actually been observed with 
suitable apparatus (Schottky). 

Contact and Thermo-potentials.—The number of freely- 
moving electrons split off from the atoms is presumably 
different in different metals. Hence we can see that 
when two metals are put into contact there will be an 
equalization of electron “ pressure ” and a current of 
electrons from the metal with the higher electron “ pres¬ 
sure ’’ to that with the low'er. In contrast to the complete 
pressure equalization in the case of two gas containers in 
communication, this transference of electrons cannot go on 
until the difference of “ pressure ” has completely vanished; 
for an opposing potential difference is set up at the interface, 
the influx of electrons to the naetal of low'er “ pressure ” charging this negatively, 
and the efflux of electrons from the other metal producing a corresponding positive 
charge. Hence the transference of electrons from the one metal to the other 
will be limited by the contact 'potential difference which it produces. The problem 
of detecting this potential difference, which probably exists between all metals 
in contact and which would be expected to be of the order of magnitude of a 
few hundredths of a volt, is a very difficult one and so far has not been solved 
(p. 110). The variation with temperature can, however, be followed with ease. 
In the case of a loop made of two pieces of wire of different metals soldered to¬ 
gether at their ends, this temperature variation will cause a current to flow w^hen 
the one junction is kept at a different temperature from the other. This is the 
thermoelectric current with which we have already become acquainted. Further, 
when an electric current is passed through the interface between two metals, it 
must overcome the contact potential difference; hence a positive or negative 
quantity of w’ork must be performed at the junction, which will therefore be 
heated or cooled. This is the Peltier effect. From the magnitude of tiiis effect 
(number of calories produced) and from the kno’s^m current strength, it is possible 
to draw conclusions as to the magnitude of the contact potential difference 
(indirect determination of contact potential). Since the relationship between 
thermoelectric E.M.F. and temperature is not always a simple one, we conclude 
that the electron “ pressure does not obey the Gay-Lussac gas law. Thus the 
simple theory of a perfect ‘‘ electron gas ” is insufficient to account for the facts. 


A consideration of tlie phenomena associated witli the super-con- 
ducting state (p. 245) makes it particularly clear tkat essentially different 
laws, about wMcb we know very little as yet, must be involved (com¬ 
pare footnote to p. 362). Here tke frictional resistance to tie electrons 
has obviously practically vanisbed. In this connexion it is worth 
noticing that the electrons move in the metal along quite definite paths, 
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whicL. they cannot leave (compare tEe spEere experiment of Kamer- 
LiXGH OxxES, Vol. V). At tEese low temperatures, tEerefore, tEere can 
be no suggestion of a gas-like beEaviour of tEe electrons. At present 
it is impossible to say to wEat extent tEe laws governing super-con¬ 
ductivity are still valid at higher temperatures. 


Electron Conduction in Non-metals.—TEere are still no well-founded 
theories as to the ^'metallic” conduction in such substances as carbon 
and silicon. It is interesting to note that induced electron conduction 
can be observed in solids as well as the spontaneous metallic conduc¬ 
tion with which we have so far been ex¬ 
clusively concerned. Thus whereas in metals 
(perhaps owing to the proximity of the neigh¬ 
bouring atoms) the elec¬ 
trons are already free, it 
is possible in the case of 
substances like diamond 
or zinc sulphide (in gen¬ 
eral, all substances with 
an oj)tical refractive in¬ 
dex greater than 2) to 
liberate them by the 
action of light (Gudden and Pohl— compare pp. 301 and 312). 





Fig. S '.—Selenium cell 
in circuit 


Fig. 6 

cell (after Thirring). 
opened 


■a, Commercial selenium 
b. Cell 


When a plate of crystal line 7ainc blende is placed between the plates of a 
small charged condenser, a discharge occurs as soon as the zinc sulphide is illu¬ 
minated (Vol. V). 

Selenium Cells —The alteration of the resistance of metallic selenium when 
illuminated finds npplicnti-'^u in talking films and for telephony by means of a 
light beam. Fig. o li.e arrangement of a selenium cell of the so-called 

condenser type. One side of a sm£ill mica condenser is rubbed off until the two 
sets of plates, one within the other as in fig. o, are exposed. A layer of metallic 
selenium about 0-02 mm. thick is then placed upon the edges of the plates so as 
to form a conducting connexion between the two sets. In the dark the resistance 
of the cell is about a megohm; but in the light it is much less. Hence if a poten¬ 
tial difference of say 20 volts is applied between the two sets of plates, the current 
passing through the cell can be controlled by varying the intensity of the illu¬ 
mination. The greatest disadvantages of selenium cells are that they have a 
certain lag, that the change of resistance is not strictly proportional to the change 
of light intensity, and that there are certain residual effects. A few seconds 
elapse before the maximum alteration of resistance is attained, and after very 
intense illumination it may he hours before the resistance returns to its true 
“ dark ” value. For the above mentioned applications, however, it is possible 
to avoid these disadvantages. Special attention is drawn to the fact that good 
specimens of selenium cells possess a “ static ” sensitivity (i.e. for slow changes 
of light intensity) of about 50,000. IQ”®' amperes per lumen (see Vol. IV), 
and that they are thus about a thousand times more sensitive than good gas- 
filled photoelectric cells (Vol. V). Fig. 6 shows a commercial form of selenium 
cell. 

Hittorf discovered in 1852 that the electrical conductivity of metallic selenium 
is greater when the metal is illuminated than when it is in the dark. 





Part III 

THE VARIABLE* 
ELECTROMAGNETIC FIELD 


CHAPTER XII 



Electromagnetic Induction t 

1. The Induction Process 

Fundamental Experiment—Eig. 63, p. 205, shows an experiment 
in which a conductor carrying a current is observed to move at right 
angles to the lines of force of a mag¬ 
netic field. We will reverse this 
experiment in the manner shown in 
fig. 1. We connect a galvanometer G- 
between the stands carrying the ends 
of the wire conductor, and then move 
the wire vertically downwards (see 
arrows in figure) between the poles of 
the electromagnet so as to cut through 
the lines of force. We observe that 
the galvanometer needle is deflected 
during the motion of the wire across 
the lines of force. Prom this it follows that the motion of the rae 
in the magnetic fleld has produced an electric current. The deflection 
of the galvanometer only occurs so long as the wire is in motion across 
the lines of force. When the direction of motion of the wire through 
the magnetic field is reversed, the galvanometer throw is also reversed. 

By comparing the direction of the observed galvanometer throw 
with that produced by a battery of known polarity, we may deduce 
the following rule concerning the sense of the current; 

* I.e. variable in time. 

t After untiring researobes directed towards the_ transformation of magnrtism into 
electricaty, whioli he was convinced must be possible, Faeadax discovered electro¬ 
magnetic induction in the year 1831. 

(E6ir) 369 25 


Fig. I. —Induction by the movement of 
a conductor in a magnetic field 
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When a conductor is moved in a magnetic field so as to cut the lines of 
force^ an electric current is induced in the conductor. As seen hy an observer 
looking along the magnetic lines offeree in the positive sense, this current 
will he from left to right when the conductor is moving downwards. 

This process is known as electromagnetic induction.**" The resulting 
current is called an induced current. 

Instead of moving the conductor and keeping the magnetic field 
at rest, the same current can be induced hy keeping the conductor at 
rest and moving the magnet in the opposite direction. Thus the induc¬ 
tion process is determined only by the relative motion of conductor and 
magnetic field (p. 386). 



ITie relation between the directions (and senses) of the magnetic 
lines of force, the motion of the conductor, and the induced current 
are given by the converse of the left-hand rule (p. 206), viz.; 

Imagine the left hand to he laid upon the conductor so that the palm is 
turned towards the north pole {i,e. so that the magnetic lines of force are 
normal to the hand and directed from the palm towards the hack), and so 
that the outstretched thumb (see fig. 67, p. 206) points in the direction of the 
motion of the conductor relative to the magnetic field. Then the direction 
of the induced current is from the finger tips towards the wrist. 

The iaduced current can he conveniently demonstrated with the apparatus 
depicted in fig. 2. The poles of the ring-shaped steel magnet M are close together 
(toroid with gap) and between them is a strong magnetic field. The copper strip 
B is bent round so as to form a simple galvanometer G, the ends on the left 
being insulated from one another by a distance-piece of ebonite. The galvano¬ 
meter end G bears an astatic pair of magnetic needles mounted on agate cones. 
One of the needles of the pair is between the two limbs of copper, the other is 

* This phenomenon of electromagnetic induction must not be confused with the 
concept of magnetic induction, i.e. the vector B (pp. 121 and 377). 
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above the tipper limb. They can be adjusted by means of a small magnet H 
until they are parallel to the copper strip B. The ends of the copper strip (on 
the left in the figure) are slit longitudinally so as to form guides in ■which a smaE 
copper rod S can be moved along by means of the knob H. During its motion 
the rod S makes good contact with the copper strip. As it moves it cuts through 
the lines of force which run between the magnetic poles, and the corresponding 
induced current causes a deflection of the galvanometer. Prom the sign of this 
deflection the direction of flow of the induced current can be deduced by the 
corkscrew rule (p. 161), and in this way the left-hand rule stated above may 
be verified. 


(M, 


Fig. 3.—Induction in 
a coil 


The process can also be regarded from a rather different point of 
view. The bent upper strip and the movable copper rod together form 
a closed conductor. When the rod is in the position depicted in fig. 2, 
no magnetic lines of force pass through the surface enclosed by the 
conductor. But when the rod has been moved to its extreme left-hand 
position, all the lines of force between the magnetic poles thread through 
this surface. Thus as the rod is moved 
from right to left, the number of lines — 
of force passing through the surface i 
bounded by the closed conductor is 
increased; conversely as the rod is 

moved back from left to right, this ^_ 

number is decreased. Exactly the same 
is true of the experiment shown in fig. 1, p. 369, in which the closed 
conducting circuit in which the current is induced (in future to be 
called the secondary circuit) is formed by the movable wire and the 
galvanometer with its leads. Thus taking account of the direction of 
the induced current we obtain the new rule: 

When the number of magnetic lines of force threading through the 
surface bounded by a closed conductor is increased, a current is induced in 
the conductor. As seen by an observer looking along the magnetic lines of 
force in the positive sense, the sense of this current is anticlockwise. When 
the number of magnetic lines offeree threading the surface bounded by the 
conductor is decreasing, the sense of the induced current, as seen by the 
same observer, is clockwise. 


In the above experiments the induced E.M.F. is only small. In spite of this 
the current strength in the apparatus of fig. 2, p. 370, is sufficient to produce a 
deflection of the galvanometer needle. The explanation of this lies in the extremely 
small resistance of the whole circuit in which the current is induced. 


We will now carry out experiments of a different kind to test the 
validity of the above rule. 

A. Near a straight electromagnet with an iron core we move a 
flat coil of wire, to the ends of which is connected a galvanometer 
(fig. 3). Keeping the plane of the coil parallel to the planes of the turns 
of the electromagnet winding, we bring the coil up towards the electro¬ 
magnet. A current is induced in the coil, owing to the fact that the 
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number of magnetic lines of force passing tbrougb. tbe surface bounded 
by its turns is increasing. As the coil is witlidrawn again from tbe 
electromagnet, an induced current of,opposite sense is observed. It is 
an easy matter to verify that tbe current sense is as required by tbe 
rule. When tbe plane of tbe coil is kept inclined to tbe planes of tbe 
turns of tbe electromagnet winding, tbe same motion as before produces 
a considerably smaller deflection of tbe galvanometer. Practically 
no deflection is produced when tbe coil is moved about in tbe neigb- 
bouxbood of tbe electromagnet, provided that its plane is kept as 
nearly as possible parallel to tbe magnetic lines of force. 

B. Tbe number of magnetic lines of force threading tbrougb tbe 
secondary coil can also be altered in tbe following way. We place 
tbe coil near tbe electromagnet witb its plane parallel to tbe magnetic 
lines of force, and then turn it tbrougb 90° without altering tbe position 

lMoUjOJv 


cavaymirrb ~~ "+* mvaytroTTb 

d&erver observer 

Fig. 4i—^Diagram illustrating the induction of an E.M.F. in a piece of metal 

of its centre. A current is induced in the coil in a direction correspond¬ 
ing to the increase in the number of magnetic lines of force threading 
through it. As the coil is turned through a further 90°, the number of 
lines of force threading through it decreases and an induced current 
of the opposite sense is observed. ' 

C. There is yet another way in which we may vary the number of 
magnetic lines of force threading through the coil. This consists in 
increasing or decreasing the strength of the primary magnetic field by 
a corresponding variation of the current in the windings of the electro¬ 
magnet. Experiment shows again that currents are induced in the 
expected sense. 

The Ultimate Mechanism of Electromagnetic Induction.—In Chap. 
XI (p. 360 et seq) we learned that the electrical conductivity of 
metals is due to the presence of mobile electrons in their interior. 
Hence in the case of a metallic conductor in motion we are actually 
dealing with a convection current in the direction of motion, viz. the 
current of the negative electrons and the current of the corresponding 
positive ions. 

When the conductor moves in a magnetic field, both the electrons 
and the positive ions are subjected to forces at right angles to the 
direction of motion and to the magnetic field (p. 316). Under the 
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influence of tflese forces tLe freely movable electrons are displaced 
relative to tbe fixed material lattice of the conductor. This produces 
a deficit of electrons on tbe one side of tbe conductor and an excess on 
tlie other side (see fig. 4), in consequence of which a potential difference 
is set up in the conductor at right angles both to its direction of motion 
and to the magnetic field. This potential difference increases imtil the 
force of the corresponding electric field upon the electrons just com¬ 
pensates the force of the magnetic field (see below). If electrons are 
allowed to enter and leave the conductor at the regions of deficit and 
excess (as, for example, in the experiment of fig. 1, p. 369), a current 
is produced and goes on flowing so long as the conductor continues to 
move in the magnetic field. 

When the positive charges are also free to move (as, for example, 
in an electrolytic conductor), the process remains the same except that 

\Mot3jOTl 


Magnetic fidd 
directed cmny 
fimt observer 

Displacemenb of eLectrons 

Fig. S.—Induced E.M.F. in the case of a closed conductor moving 
in a homogeneous field 

the current now consists of a simultaneous motion of negative and 
positive charges in opposite directions. 

It is important to apply these considerations to the case (see above) of a 
closed circuit moving in a magnetic field in such a way that the number of mag¬ 
netic lines of force threading through its surface is constant Consider the simplest 
example of this, namely the uniform translation of a plane closed circuit in a 
homogeneous magnetic field. Here again the electric charges in the moving 
conductor are acted upon hy transverse forces, and there results a deficit of elec¬ 
trons (i.e. a positive charge) on one side of the circuit and an excess of electrons 
(i.e. a negative charge) on the other side. This state is established during the 
acceleration of the circuit from rest to its final constant velocity, after which 
there is no further change. In this state, therefore, there is a potential difference 
between two opposite points of the circuit (see fig. 5); but during the uniform 
motion no current flows in the circuit, because the electromotive forces in the 
two halves are equal and opposite. Por the further analysis of this instructive 
example see p. 383. 

2. The Fundamental Laws of Electromagnetic Induction 

The Induced From what has been said above it is clear 

that the laws of electromagnetic induction can be most easily deduced 
from a consideration of the induced potential difference or E.M.F. 
This method of treatment has the further advantage that it does not 
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involye any of the individual properties of the materials employed 
(see below). If the resistance of the galvanometer in the experiment 
of fig. 1, p. 369, is very great, the instrument may be used as a volt¬ 
meter and will then indicate (when suitably calibrated) the potential 
difference between the ends of the wire when the latter is moved through 
the magnetic field. Of course this potential difference can also be 
measured statically by connecting the ends of the wire to an electro¬ 
meter. 

Influence of the material nature of the Conductor. —^By using wires 
of different materials and different thicknesses and keeping constant 
the velocity and direction of motion, the magnetic field strength, and 
the length of the wire passing through the field, it is an easy matter 
experimentally to prove that: 

The induced E.M,F, is independent of ike material nature of the 
moving conductor. 

Influence of the Direction of Motion. —^When a wire is moved through 
a magnetic field in the direction of its own length, no E.M.F. is observed 
between its two ends—a voltmeter connected between them shows no 
deflection. We can understand this in the light of the considerations 
put forward at the end of § 1, p. 372. For the displacement of the 
electrons is at right angles to the direction of motion and to the mag¬ 
netic field; and hence the induced E.M.F. is at right angles to the 
direction of the length of the wire and has no component in this direction. 

Similarly, no induced E.M.F. can be detected between the ends of 
the wire when the motion is in the direction of the lines of force. The 
reason for this is the same as before. 

When the wire is moved with constant velocity in a direction 
inclined to the field, we obtain an induced E.M.F. whose magnitude 
is dependent upon the inclination. 

The induced E.M.F. is greatest when the wire is moved at right angles 
to its own length and at right angles to the field. 

Influence of the Velocity of Motion. —It may be shown experimen¬ 
tally that: 

Other things being equal {same 'inagnetic field, same length of wire, 
same direction of motion), the induced E.M.F. is directly proportional to 
the velocity with which ike conductor is moved through the magnetic field. 

Experimental Verification.—^The above laws may be verified with 
the help of the apparatus depicted in fig. 6. 

F is a large coil of insulated wire. The leads from a battery are plugged in at 
A in sucn a way that the current flows round the coil F in the direction of the 
arrow in the figure. Then in accordance with the corkscrew rule the front face 
of the coil assumes southern magnetic polarity and the magnetic lines of force 
run along the axis of the coil away from an observer looking at the figure. A 
brass arm is mounted so as to be able to turn about the middle point C of the 
coil as axis. The other end R of this arm rubs against the edge of a strip of brass 
bent round a circular disc of wood so as to project a few millimetres forwards. 
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The axis of the arm is in conducting connexion witK the binding screw K.; the 
brass ring is likewise connected to Kg. The binding screws Eli and K 3 are con- 
nect^ by surtable leads to the terminals of a sensitive galvanometer. When 
now the arm CR is turned about its axis C so that its outer end R always makes 
contact with the brass ring, it cuts through the magnetic lines of force threading 
the coil. Eor a given sense of rotation the lines of force are always cut in the 
same sense. The result is that the galvanometer or voltmeter gives a deflection 
in a certain definite direction. Between 0 and R is induced an E.M.F., the mag- 
mtude of wm ch remains constant so long as the arm is rotated with constant 
velocity. When the sense of rotation of the arm is that indicated by the arrow 
in the figure, the end C (and hence also the binding screw Ki connected to it) 
assumes a negative potential relative to the end R and hence also I^). 



Fig. 6 .—Crimsehrs apparatus for the quantitative investigation of electromagnetic induction 

—Since each point of the moving arm has the same constant angular 
velocity, the individual elements of the conductor move with different linear 
velocities relative to the field. The observed E.M.F. between the ends of the arm 
is'therefore to be regarded as due to the sum of the E.M.r.s of the different 
elements connected end to end. Hence the laws for the whole conductor also 
hold for each element whose velocity can be regarded as constant; for the con¬ 
nexion of all the elements end to end gives a total E.M.F. which is the simple 
sum of the iudividual E.M.E.S. 

When the arm is turned with constant velocity, the deflection of the volt¬ 
meter remains constant. When the brass is replaced by another metal or by a 
glass tube filled with an electrolyte (copper sulphate with copper electrodes), 
the induced E.M.F. is always the same for the same velocity of rotation. (In 
actual practice care must be taken that the internal resistance of the voltmeter 
is always very large in comparison with that of the arm.) 

When the velocity of rotation of the arm is doubled (the magnetic field beiug 
the same as before), the induced E.M.F. is also doubled. In general the induced 
E.M.F. is directly proportional to the velocity (p, 374). 
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Influence of the Magnetic Field Strength, —varying tlie current 
ttrongli tLe primary coil it can be shown that the induced E.M.E. for 
a given velocity of rotation is exactly proportional to the strength of 
this current. But the strength of the magnetic field threading the 
primary coil is also directly proportional to the current strength flow¬ 
ing round it. Hence: 

The magnitude of the induced E.M.F, is directhj proporHoml to the 
f rimary magnetic field strength. 

3. Magnetic Flux 

Flux of Force. —The results of the above experiment show that for 
one complete turn of the movable arm the product of the induced 
B.M.F. and the time taken is constant. Thus, for example, if the turn 

is completed in half the time, the induced 
E.M.F. is doubled; the product of E.M.F. 
and time, which may be called the 
time-sum of the E.M.F., always remains 
constant. 

Fig. 7 shows two corresponding curves of 
the type obtained when a very rapidly acting 
and sensitive voltmeter (string electronaeter, 
string galvanometer) is employed. When no 
such rapidly responding instrument is available, 
the time-sum of the E.M.F. may be obtained 
Fig.7.-Tto.sS'ofthemduced from the quantity of electricity (i.e. time-sum 
E.M.F. for one revolution at different of the current) as mdicated by a ballistic 

velocities galvanometer (p. 218). From a knowledge 

of tbe internal resistance of the instrument 
or suitable calibration data the time-sum of the E.M.F. may he obtained by 
calculation. 

Like the induced B.M.F. itself, the time-sum of the induced E.M.F. 
must be proportional to the field strength. 

Thus the time-sum of the E.M.F. induced in a wire is dependent 
only upon the strength of the magnetic field, being independent of the 
material of the wire and of its wlocity of motion. 

For these reasons the time-sum of the induced E.M.F. has been 
chosen for the quantitative description of the magnetic field passing 
through the surface swept out by the wire. It gives a measure of the 
magnetic flux of force O (referred to simply as the magnetic flux) 
through this surface. 

The E.M.F. heing measured in volts and the time in seconds, 
the unit of magnetic flux is the volt-second. The international 
name pramaxwell has been suggested for this unit, the prefix pra 
being an abbreviation of practical. The unit corresponds to the volt- 
ampere-ohm system generally adopted for practical purposes. 
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The magnetic flux tlirougli a surface is of unit magnitude (i»e. 
one volt-secohd) when an E.M.F. of one volt is induced between the 
ends of a wire which sweeps out the surface in one second at uniform 
velocity."^ 

The Magnetic Induction. —dividing the magnetic flux by the 
area of the corresponding surface, we obtain the specific flux or the 
flux density, i.e. the flux per cmA 

This quantity is called the magnetic induction B. 

Its unit is the volt-sec./cm.^. The unit of magnetic induction used 
in scientific literature is the gauss, which is equal to 10“^ volt-see./cm 2 . 
The derivation of the gauss as unit and its relation to the C.G.S. 
system have abeady been discussed in § 4, p. 125. 

The magnetic induction B is a vector, for it has dbection as well 
as magnitude. In the examples given above its dbection coincides 
with that of the magnetic field lines; thus, as was shown by the ex¬ 
periments of p. 374, the induced E.M.F. is dependent 
upon the dbection of motion of the wire relative to the 
field. The maximum induced E.M.F. is obtained by 
moving the wbe at right angles to the magnetic field. 

The direction of the magnetic induction B may be 
defined quite generally as normal to that plane in which . s.—Diagram 

the wbe must be moved in order to produce the maxi- 
mum time-sum of induced E.M.F. per cm.^ swept out. 

It remains to define the sense of the vector B. The positive sense 
is chosen so as to coincide with the positive sense of the vector H in 
space devoid of matter. 

The rules of § 2, p. 370 et seq., can now be stated in the following 
shorter form: 

To an observer loolcmg in the direction and positive sense of the mag¬ 
netic indiiction, the electric field strength induced in a conductor moving 
from left to right is directed vertically upwards. (See fig. 8, and compare 
fig, 8, p. 164.) 

Relation between the Magnetic Field Strength H and the Magnetic 
Induction B.—Our experiments have already shown that in ab the 
magnetic induction is proportional to the magnetic field strength. 
Careful investigation has proved this to be true in ab (or in a vacuum, 
since the effect of the ab is vanishingly small) up to the highest attain¬ 
able field strengths. Hence for space devoid of matter we have: 

/XqH. 

In order to obtain the numerical value of the constant when 
H is expressed in ampere-turns/cm. and B in volt-sec./cm.^, we may 

* Historically the uiiit of flux in the C.G.S. system was jfirst fixed (p. 125), and 
afterwards the volt was defined according to the above relationship. This accounts for 
the simple connexion between the gauss and the volt-sec./cm,®. 
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make use of tke apparatus skown in fig. p. 375, modifying it as 
follows so as to make it suitable for continuous action. 


Instead of one rotating arm CR (see fig. 6, p. 375), imagine a number of such, 
arms (as ia fig. 9, -where six are represented). Further imagine these arms to he 
connected together with concentric conducting rings. In each arm there is the 
same induced E.M.F., and therefore no current will flow round the concentric 
rings. Finally imagine all the arms replaced by a solid circular disc which rotates 
in the magnetic field about an axis through its centre. Between this axis and the 
outer edge of the disc will be an induced E.M.F. of the same magnitude as that 
which would be produced between the ends of any one of the single arms rotating 
with the same velocity. This induced E.M.F. will he proportional to the velocity 
of rotation and to the strength of the magnetic field. It may be measured be¬ 
tween two binding screws Kj and Kg (%• 10)> connected to the axis C and 
the other to a metal spring or brush pressing against the edge R of the disc. 

It is convenient to employ a circular disc of radius CR ==1*78 cm. The area 
of the disc is then exactly 10 cm. 2 .* The disc is driven by a train of cogged wheels, 



Fig. 9.—Absence of cur¬ 
rent in concentric ring ele¬ 
ments during rotation in a 
homogeneous jfield 



Fig. la.—^Rotation of 
a solid disc in a homo¬ 
geneous magnetic field 



Fig. 11.—Determination of the funda¬ 
mental magnetic constant 


SO arranged that it may easily be made to rotate 100 times a second by turning a 
crank handle. 

The measurement of the induced E.M.F. is performed by the following com¬ 
pensation method (fig. 11). The poles of an accumulator with an E.M.F. of 2 
volts are connected to the ends A and B of a rheostat of 20,000 ohms resistance. 
A tapping is taken off at a point D such that the resistance between D and A is 
1 obm. The potential difference between D and A is then 0*0001 volt (potentio¬ 
meter arrangement). The point A is connected through a sensitive galvanometer 
G to the binding screw K of the induction apparatus. The point D is connected 
to the binding screw The galvanometer shows a deflection corresponding to 
the potential difference between D and A. 

Tke disc is now driven xonnd at a speed of just 100 revolutions per 
second, tkere being no current in tke field coil. Tke next operation is 
to switch, on the primary current, at first with only a small current 
strength. If the direction of the primary current is correct, the de¬ 
flection of the galvanometer will be diminished on account of the 
E.M.E. induced in the rotating disc. The current in the primary field 

* In order that it may lie entirely in the homogeneous part of the magnetic field, 
the disc should have a radius about 5 times smaller than that of the field coil. 
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coil is now adjusted until the galvanometer shows no deflection. 
When this is so, the induced E.M.F. in the disc is 0-0001 volt. Since 
the area swept out per second is 100.10 cm.^, the magnetic induction 
is 10~'’ volt-sec./cm. If the field coil has a radius of 10 cm. and con¬ 
sists of 10 turns worked so as to give a very small thickness, the corre¬ 
sponding current through it (as read ofl upon an ammeter connected 
in the primary circuit) is found to he 16-92 amperes. The magnetic 
field strength near the centre is therefore (p. 192) 7-96 ampere-turns/cm. 

Hence we obtain: 

1-267.10-8 

amp.-turns/cm. 

This constant /xq is usually known as the albsolute permeability of 
space devoid of matter (or the absolute permeability of the ether). 
We shall refer to it as the fundamental magnetic constant. 

Analogy to the Description of Electric Fields.—^For the characterization and 
measurement of magnetic fields it is usual to make use of two different vectors 
H and B. The advantage of this is the same as in the case of electric fields, where 
two vectors are also used, namely, that it leads to considerable simplification and 
increased clarity in the treatment of fields in space containing matter. On the 
on© hand there is an analogy of physical character between magnetic field strength 
H and electrical displacement D: both are measured in terms of the quantities 
producing the field, the former in amp.-turns/cm. and the latter in coulombs/cm.^ 
(i.e. amp.-sec./om.2). On the other hand, magnetic induction B is analogous 
to electric field strength E: both are measured in terms of the force effects upon 
charges at rest or in motion, the former in volt-sec./cm.^ and the latter in volts/cm. 
We see that the corresponding electrical and magnetic quantities differ in 
dimensions by a velocity. Thus volt/cm. — (volt-sec./cm,2). (cm./sec.) and 
amp.-turns/cm. = amp./cm. — (amp.-sec./cm.^). (cm./sec.) (see also p. 196). 

Considered merely as mathematical quantities in the equations D = KqE 
and B = (XqH, however, D is analogous to B, E is analogous to H and Kq is analo¬ 
gous to (JLq. 

Magnetic Lines of Force.— The course of the vector B in space 
can be represented by continuous lines, the lines of induction. The 
magnitude B of the vector is given by the number of these lines of 
induction passing through each cm.^ of a surface normal to them in 
the region under consideration. It is customary to refer to these lines 
as magnetic lines of force in analogy to the electric lines of force which 
represent the vector D. In space devoid of matter the direction of B 
coincides with that of H; the representations of the field by magnetic 
lines of force and by magnetic field lines differ only in the number of 
unit lines per cm.^, i.e, in the line density. For the same field the 
ratio of the density of lines of force to the density of field lines is equal 
at every point to the ratio of the correspondmg magnetic induction 
B to the magnetic field strength BE, i.e. is equal to /x^. 

We have already (p. 113 et seg.) become acquainted with, the course and 
properties of magnetic lines of force. Comparison with the vector B at present 
under consideration shows that we were dealing then with lines of induction. 
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The result given on p. 376 can now be restated as follows: 

The time-sum of the induced, E.M.F. in a conductor is equal to the 
number of magnetic lines of force which it cuts through during the jperiod 
under consideration. 

Eddy or Foucault Currents.—The rotation of a solid disc of metal 
in a homogeneous magnetic field has already been treated on p. 378. 
A constant potential difference is produced between the periphery 
and the centre; but on account of its sjunmetrical distribution this 
B.M.F. only causes a current to flow in the disc when two points at 
different distances from the centre are joined by a conductor which 
does not take part in the rotation. In the case where the magnetic 
field is variable in space or in time, however, or where the motion is 
not uniform, eddy currents may be produced in 
the mass of the disc. These currents in the in¬ 
terior of masses of metal are generally called Fou¬ 
cault currents (see historical note below, p. 381). 

Their presence is easily recognized by the heat they 
produce. Thus, for example, a stout-walled cylindrical 
copper vessel filled with water 
becomes so hot when rotated 
in the field of a powerful 
electromagnet that the water 
is soon brought to the boil 
and will blow out the cork of 
the vessel with a loud pop. 

The currents induced 
in a moving conductor 

are so directed as to tend to stop the motion (p. 382). 
very well by the experiment represented in fig. 12.* 




Fig. 12.—Damping due to 
Foucault currents 


Fig. 13. — Prevention of 
Foucault currents by means 
of slits in the Waltenhofen 
pendulum 


This is shown 


Between the poles of a powerful electromagnet hangs a pendulum, whose boh 
consists of a massive copper plate in the shape of a sector of a circular ring. It 
is suspended in such a way as to swing through the narrow space between the 
magnet poles. When displaced and let go before the current through the electro¬ 
magnet windings is switched on, the pendulum swings backwards and forwards 
in the familiar way, imtil after many swings it finally comes to rest on account of 
the resistance of the air. But if the current of the electromagnet be switched on 
while the pendulum is still swinging, the pendulum bob is brought to rest almost 
instantaneously as soon as it enters the space between the magnetic poles. If an 
attempt be made to move the pendulum backwards and forwards in the field, 
a resistance is felt, the sensation being the same as if the pendulum were sur¬ 
rounded by a viscous medium like syrup. But if the pendulum bob has a number 
of slits in it (see fig, 13), no appreciable braking effect is observed. This is because 
this shape prevents the formation of Foucault currents of such strength as are 
obtained in a pendulum bob of the type shown in fig. 12. 


Tbe chief practical application of Foucault currents is for damping 
or braking tbe motion of conductors. The body to be braked is attached 

* Due to Vo 2 sr WAnTEmornis' (1874). 
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to a metal disc (usually of aluminiurici) wMch. moves between tlie poles 
of a powerful magnet—see, for example, tbe damping of the vibration 
apparatus of Vol. II, fig. 17, p. 198, the damping of the heated wire 
meter (fig. 7, p. 267, and fig. 31, p. 489), and the braking of the 
meter shown in fig. 65, p. 558. Owing to the motion of the core or 
coil former of moving-coil instruments in the strong field of the magnet, 
these instruments have an automatic damping. 

Great commercial importance also attaches to the Foucault cur¬ 
rents produced by variations of the magnetic field. 

WKen a coil of wire with a multiple iron core is connected through a Wehnelt 
interrupter (p. 519), a rapidly varying magnetic field is produced; for the strength 
of the current through the coil alternates rapidly between zero and its full value. 
The speed of alternation may be determined from the pitch of the note emitted 
by the interrupter. When now a massive copper ring is held over the coil, the 
Foucault currents induced in it attain such a strength that the ring becomes 
very hot, possibly even incandescent. The great current 
strength is due to the low resistance of the copper. The 
energy given up to the magnetic field by the rapidly varying 
primary current is transformed into heat in the copper ring. 

The iron core of the electromagnet must be multiple, i.e. 
must consist of a bundle of iron wires insulated from each 
other; otherwise Foucault currents will he produced in the 
iron core itself, which will therefore become hot. Such a 
heating of the core of the primary coil represents a partial 
loss of energy. 

As will be shown in § 1, p. 623 et seq., almost all electrical 
machines contain massive metal parts (especially iron parts) 
situated in variable magnetic fields. Special attention has to 
be paid to the prevention of energy losses by Foucault currents. This is done 
by subdivision of the mass of metal and by the use of substances with as low a 
conductivity as possible. (For further details see the descriptions of the actual 
machines.) 

Historical Note. —^The first observations of phenomena of this kind were 
made by Abago,* who discovered in 1825 that a magnetic needle freely sus¬ 
pended over a rotating copper disc is also set into rotation, even though the effect 
of air currents is entirely removed by a plate of glass between disc and magnet 
(fig. 14). Abago gave the name rotational magnetism to this phenomenon. After 
Fabaday’s discovery of electromagnetic induction (1831) it became clear that 
the reason for the rotation of the magnetic needle lay in the currents induced in 
the copper disc by the field of the needle. The sense of the direction follows from 
Lenz’s law (see below). Currents of this kind were later investigated more 
thoroughly by FoiJOATJLT,t and for this reason are generally known as Foucault 
currents. 

4. Quantitative Formulation of the Law of Induction 

Lenz’s Law.— Comparisoii of the experiments of fig. 63, p. 205, 
and fig. 1, p. 369, reveals the fact that for a given durection of the 
current the directions of motion are opposite in the two cases. Similarly 

* Dominique Abago (1786-1853) at Paris, 
f LfioN Foucault (1819-68). See also footnote, Vol. I, p. 168. 
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for a given direction of motion tlie current direction in tEe one case is 
tte opposite of that in the other. This is expressed in the left-hand 
rule for the induced current (see p. 370), as compared with the rule 
for the motion of a conductor already carrying a current (see p. 206). 

We may reverse the experiment of fig. 6, p. 376, by passing a cur¬ 
rent through the movable arm OR. 

Eor this purpose the experiment may be modified in the manner sho'vvn in 
fig. 15. The coil producing the magnetic field lies horizontally, so that the mag¬ 
netic lines of force run vertically downwards. Beneath the coil is a wooden base 
upon which are mounted a circular trough and a central cup, both filled with 
mercury. Into these dip the ends of a piece of copper wire bent into the shape 
shown in the figure. The wire is suspended upon a thin torsion fibre. By means 



Fig. 15.—^Apparatus for demonstrating Lenz’s law 


of leads attached to the binding screws at the front corners of the base board a 
current can be passed through the suspended copper wire. Suppose that the 
direction of this current is from the outer mercury trough towards the central 
mercury cup, i.e. opposite from that in the experiment of fig. 6, p. 375. 

When now the magnetic field is switched on, the wire is observed 
to rotate in the clockmse sense, i.e. in the same sense as the arm OR 
was turned by hand in the experiment of fig. 6, p. 375. Thus the 
direction of the current in the present experiment is the opposite of 
that which would be induced by the resulting motion. 

We see that the current induced in a conductor owing to its motion 
in a magnetic field is so directed as to tend by its electromagnetic 
action to give rise to a motion in the opposite direction from that in 
which the body is actually moving. The induced current exerts a 
mechanical opposition to the motion, i.e. external mechanical , work 
must be expended in the induction process. If this were not so and if 
the induced current were in the opposite direction, then when once 
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tlie conductor Lad been set into motion in the magnetic field, the 
result would be a continuously accelerated motion and a continuous 
induced current. This would mean a continuous production of me¬ 
chanical and electrical energy, and a contradiction of the principle of 
the conservation of energy. (See also Le Chatelier’s Principle, Vol. 
II, § 16, p. 152.) In general, therefore, we have the following law 
(Lenz’s ^ law): 

The current induced by any change is always so directed as to 
tend to oppose that change. 

Circuital Electromotive Force. —When a closed loop of wire moves 
as a whole in a magnetic field, electromotive forces are induced in 
the different parts of the loop according to their respective velocities 
and directions of motion. Since all these different parts are in con¬ 
ducting connexion, the total induced 
E.M.F. is the algebraic sum of the 
partial induced E.M.F.S. Thus the 
electromotive force which is effective 
in determining the flow of electricity 
round the circuit is obtained by 
summing the induced E.M.F.s right 
round the boundary of the surface 
enclosed by the wire loop. The case 
is similar to that of the magnetic 
field of an electric current (p. 186). 

There we made use of the name 
circuital potential ” for the mag¬ 
netic potential difference along a 
closed path encircling the electric current. We may introduce a similar 
name here and make the following definition: 

The algebraic sum of the partial induced E.M.F.s around the boun¬ 
dary of a surface moving in a magnetic field is called the circuital 
E.M.F. 

Calculation of the Circuital E.M.F. —^In order to obtain the relation¬ 
ship for a closed conducting circuit in motion in a magnetic field, 
imagine the following experiment to be carried out. The rectangle 
of wire ABCD (fig. 16) is completely closed except for a small gap 
Ej^Eas across which is connected a voltmeter Y, the leads being twisted 
around one another as indicated in the figure. Let the rectangle be 
moved from left; to right through a magnetic field whose lines of force 
run normally through the plane of the paper away from the observer. 
The E.M.F. induced between E^ and E 2 may be measured upon V. 
If the magnetic field is constant in the plane of motion of the circmt, 
the number of lines of force cut through per unit time by the side 

* H. F. E. Lbnz (1804-^5) deduced Ids law in 1834 from tbe principle of the 
equality of action and reaction. 


-- MofjLoTh 

Br-. - 0--. 



Fig. 16.—Circuital E.M.F. 


(The magnetic lines of force are normal 
to the plane of the figure and directed away 
from the observer.) 
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AB is tKe same as ttat cut tkcough by tbe side CD. Hence tbe induced 
B.M.T. in AB is eq^ual to that in CD, tbe former being directed from 
A to B and tbe latter from D to C. Tbe E.M.F.s induced in tbe sides 
BC and AD are at right angles to tbe wire and therefore have no com¬ 
ponent along it. Tbe cbcuital E.M.F. in this case is therefore zero: 
tbe voltmeter remains undeflected. 

It stoald be noticed tbat tbe number of lines of force passing throngb tbe 
surface of tbe rectangle remains constant. 


Now consider tbe case in wbicb tbe magnetic field strength de¬ 
creases fcom left to right in tbe plane of motion of tbe circuit. In 
accordance with p. 376 tbe time-sum of tbe E.M.F. induced in tbe 
side DC as tbe rectangle moves a distance dz in a time dt is equal to 
tbe number of magnetic lines of force threading through tbe surface 
swept out by this side. Tbe area of this surface is DC. dz. In tbe 
same way tbe time-sum of tbe induced E.M.F, in tbe side AB is equal 
to tbe number of lines of force threading through tbe area AB. dz 
swept out by this side. Now by assumption tbe field strength decreases 
from left to right, so that tbe induced E.M.F. in DC must be smaller 
than that in AB. In this case, therefore, we observe a deflection of 
tbe voltmeter correspondiag to tbe ciccuital E.M.F., i.e. tbe difference 
between tbe E.M.F.S in tbe sides AB and DC. (Between B and C 
or between A and D there is no induced E.M.F.) 

Tbe time-sum of tbe circuital E.M.F. is equal to tbe difference 
between tbe time-sums of tbe induced E.M.F.s in tbe sides AB and 
DC. It is therefore equal to tbe difference between tbe flux through 
tbe area AB . dx swept out by tbe side AB and tbe flux through the 
area DC . dx swept out by the side DC. But this is simply equal to 
tbe decrease dO of tbe total flux $ through tbe surface ABCD as 
this surface moves through tbe distance dx. 

Hence putting tbe induced circuital E.M.F. equal to E^, we have 
E,: dt== — d<S> or 




dt 


d^^h) 

dt 


volts, 


where B is tbe magnetic induction in volt-sec./cm.^ and A is the area 
in cm.^ enclosed by tbe moving circuit. (For tbe explanation of tbe 
miaus sign see below.) In this equation 0 is expressed in volt-sec. 
If B be expressed in gauss instead of volt-sec./cm. tbe equation 
becomes: 


E,= 


djBA) 

dt 


. 10“^ volts. 


Tbe expression — 


dt 


gives the rate of decrease of tbe flux at tbe 
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time t. Assuming that tMs rate may be regarded as constant 

during each, unit of time, the expression — gives the actual de- 
crease of flux per second. 

We inay now express the law of induction in the following form: 
The circuital E.M.F. is equal to the time-rate of decrease of magnetic 
flux through the enclosed surface. 

The equations derived above are valid for the case in which the 
closed conductor encircles the magnetic flux of force only once. If 
the circuit consists of a coil with a number of turns of wire, these 
turns act like cells connected in series and the total E.M.F. between 
the ends of the coil is equal to the sum of the partial E.M.F.S of all 
of the turns. If the number of turns is n, the total induced E.M.F. 
is given by: 

. E^.= — volts, 

where O is expressed in volt-sec. and t in sec. 

If the flux changes unifornily from the value at the time 
to the value O 2 at the time we may write: 


'Ei = — n. 




According to p. 377 the magnetic flux <!> is equal to the product of 
the magnetic induction B and the area A, and gives the number of 
lines of force passing through this area. 

Hence we may express the law of induc¬ 
tion in the following simple form: 

The induced in a uniformly 

moving conductor is equal to the number 
of magnetic lines of force cut through ^er 
second. 

The negative sign in the above equa¬ 
tions for the law of induction corresponds 
to Lenz’s law, since we have defined the 
direction and sense of the vector B as 
the same as the direction and sense of the vector H. Let us consider 
this a little more closely. 

The circuit in fig. 17 consists of a wire bent round to form three 
sides of a rectangle and a sliding wire I forming the fourth side. It is 
situated in a magnetic field whose lines of force are to be imagined as 
running normally through the plane of the paper away from the 
observer. We may imagine this field to be produced by an electric 
current flowing round the circuit. This current must then flow in a 
clockwise sense, as indicated by the vertical arrow in the figure. In 

(E617) 26 



u 


Motion 

Fig. 17.—^Derivation of the law of 
induction 

(The magnetic lines of force are 
normal to the plane of the figure 
and directed away from the ob¬ 
server.) 
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order to obtain an induced current in tbe same sense, we must move 
the sliding side of the rectangle in the direction of the horizontal 
arrow in the figure, i.e. in the direction corresponding to a decrease of 
the area of the rectangle. Thus the differential coefficient of O with 
respect to t must be negative. If the sliding side I be moved in the 
opposite direction, namely from right to left, the differential coefficient 

^ becomes positive; but the direction of the induced current is then 

opposite from that of the primary current producing the initial mag¬ 
netic field. This is the explanation of the minus sign in the equations. 

In the form — J<^4> the previous equations express the 

fact, stated on p, 376, that the time-sum of the induced E.M.E. may 
be used as a measure of the magnetic flux. 

The Induced Current.—R is the resistance of the whole circuit, then by 
Ohm’s law the strength I of the induced current is given by 

1= -i ^ 

dt' 

Multiplying by dt we obtain Idt^ — Now the product Idt on the left- 

hand side is the quantity dQ of electricity flowing during the time dt through any 
cross-section of the conductor. Hence 


If the motion of the circuit is not confined to a small element of time but 
continues for a longer period, the quantity of electricity in each element of 
time is given by the above expression, and the total quantity Q is obtained by 
summation of all the elements. Similarly all the elements add together, their 
sum heiug equal to the total change of the flux. If the initial value of is 
and the final value O2, this total change is simply ^2 Heuce we obtain 





This equation does not contain the time. 

Hence the total quantity Q of electricity flowing through any cross-section of the 
conductor depends only upon the change in the magnetic flux. 

This explains how it was that we were able to measure the time-sum of the 
induced E.M.F. (i.e. the magnetic flux) with a ballistic galvanometer (p. 376 ). 

Relative Nature of the Induction Processes. —Tbe above foimulation 
of tbe iaductioii law bolds quite generally. As was proved by our 
introductory experiments, an E.M.E. is produced not only by tbe 
motion of a conductor in a magnetic field, but also in a conductor at 
rest in a moving magnetic field. Quantitative investigation shows 
that tbe value of tbe time-sum of tbe induced E.M.E. is independent 
of whether it is tbe conductor or tbe magnetic field which moves, 
provided that tbe relative motion is tbe same in both cases. 
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We may demonstrate tMs q[uaiititatively by means of the arrange¬ 
ment shown in fig. 18. The two coils can be moved along independently 
between wooden guides. The coil P (the primary or field coil) is con¬ 
nected to a battery; the other coil S (secondary coil) is connected to 
a ballistic voltmeter. We start with the coils close together, and then 
slide the secondary a few centimetres away from the primary. The 
ballistic voltmeter shows a throw A. ^ 

After the instrument has come to rest ^ pprrr^ 

again, we slide the secondary coil back [|l|lf ] 

into contact with the primary. This \M|j| uli/ 

causes a throw —A of the ballistic 
voltmeter. We now repeat the experi- ^ 

ment, leaving the secondary coil at rest sr /-— - 

and sliding the primary coil through ^ . 

the same distance. Once agam we action 

obtain the throws A and —A. 


The magnetic induction B decreases with increasing distance from 
the primary coil. In each of the four displacements of the above ex¬ 
periment the magnetic flux through the secondary coil was altered by 
the same amount, and consequently all the four throws of the ballistic 
instrument were equal. 

From this we see that the equation of p. 384 also holds in the case 
where the magnetic field moves and the conductor remains at rest. 

This result can be still further generalized. It is not necessary that 
the change of magnetic flux through the surface of the secondary coil 
be produced by a motion of the primary coil. As may be shown 
experimentally, this change may be produced by altering the current 
strength in the primary coil (see also p. 372). 


5. Rotation of a Loop or Coil of Wire 
in a Homogeneous Magnetic Field 

Consider a plane closed loop of wire (fig. 19) 
of any shape enclosing an area A and situated 
in a homogeneous magnetic field of induction 
B. Suppose that the plane of the loop is 
initially in the position A^, i.e. normal to the 
magnetic lines of force. In this position the 
number of lines of force (magnetic flux) 
through the surface boxmded by the loop is 
BA. Now let the loop be rotated about the 



axis PP through an angle 6, In the new Figr* 19.—Rotation of a loop 

... 1 of wire in a homogeneous 

position A 0 the number of Imes 01 force magnetic field 
passing through the surface bounded by the 

loop is BA cos 9, After having been rotated through 90° the loop is 
in the position Aq in which its plane is parallel to the magnetic Imes 
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of force. In tHs position the flux through the surface bounded by 
the loop is zero. 

Thus, as the loop is rotated, the magnetic flux through its surface 
varies. An E-M-E. is therefore induced in the loop and an induced 
current flows round it (p. 372). We will determine the strength of 
this induced current both by measurement and by calculation. 

Measurement of the Induced Current. —Current is supplied to the larger 
primary coil S (fig. 20) by a plug A (p. 375). At the ends of a diameter of this 
coil are mounted the bearings of an axis lying in the plane of the coU. To the 



Fig. 20. —Grimsehl’s apparatus for the investigation of induction by rotation 


middle of tMs axis is attached the flat coil of wire q (secondary coil), -which can 
therefore be rotated so that its plane remains vertical and makes any desired 
angle with the plane of the primary coil. This angle can be read off -apon a large 
ckcular scale T. The ends of the coil q are connected to the bearings at the ends 
of its axis of rotation. These bearings are provided with binding screws K, 
the -upper one being visible in the figure, while the lower one is hidden by the 
scale T. The coil q may he rotated conveniently by means of the arm Z, which 
also acts as pointer for indicating the angle on the scale T. 

As the secondary coil is tnmed out of the position in which its plane is at 
right angles -fco the magnetic lines of force into the position in which its plane is 
parallel to these lines, the magnetic flux through the surface bounded by the coil 
varies from its maximum value to the value zero. Hence a current is induced, 
the time-sum of which is given by Q = where R is the resistance of the 

coil (see p. 386). This quantity of electricity can be measured with the help of 
a ballistic galvanometer connected between the binding screws K by the leads L. 

Starting each time from the same normal position the secondary coil is 
now turned successively through a number of d&erent angles 0 smaller or greater 
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than 90^. The corresponding throws of the ballistic galvanometer are then found 
to he proportional in each case to (1 — cos0). 

When the velocity of rotation is constant, the curve obtained by plotting 
either the induced current strength or the induced E.M.T, as a function of the 
angle 0 is of the type shown in fig. 21 (so-called sine curve). In this case the 
angle 0 is proportional to the time and therefore the curves representing the 
induced current strength and the induced E.M.F. as functions of the time are 
also sine curves. 


Calculation of the Induced E.M.F.—^In fig. 22 let tlie arrows repre¬ 
sent tlie direction of the homogeneous magnetic field of induction 
B, and let AA^ be the loop of wire as seen feom the side. Since the 
plane of the loop is at right angles to the plane of the figure, we see 
it as a straight line. Let 0 be the point of intersection of the axis of 


rotation with the plane of the figure, 
to which it is normal. The line MM 
represents the side view of a plane 
normal to the magnetic lines of force. 
Suppose that AA^ is inclined to MM at 
fib A an^le 9, 




Fig. SI. —Curve representing either the in- Fig. ss. —^Rotation of a plane 

duced E.M.F. or the induced current strength loop of wire in a magnetic field, 

as a function of the angle through which the coil (Angle MO A = 0 .) 

has been rotated out of its normal position 


If the plane of the coil were in the normal position MM, the 
magnetic fl.ux through the surface of area A bounded by the coil 
would be AB. In the position AA^, i.e. at the inclination 9, the flux 
is only 

<5 = AB cos 9. 

Now suppose the loop to be rotated about the axis 0 with a con¬ 
stant velocity such that the time taken to turn through the angle 27t 
(i.e. one complete revolution) is T. Let t be the time taken to turn 
from the normal positive into the inclined position AA^. Then 
we have 

^: T = : 27r, 

whence 9 = 


Substitution in the above expression for €> gives 


O zzz AB cos 
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Difiereatiating tHs equatioa mth. respect to t we obtain 
dd) 217,-0- /2ir A 

But the induced E.M.B. E is equal to — Hence we obtain the 
following important formula for the induced viz. 

E = ^ AB sin A = ^ AB sinO. 

T \ T / T 

Introducing the constant angular velocity co = 27t/T, this becomes 

E == CO AB sincoif. 

The maximum value of E is assumed when sin0= 1, i.e. when 
9 == I'H’. The plane of the loop is then parallel to the magnetic lines of 
force. Writing Eq for this maximum value of E, we have Eq = coAB 
and hence 

== Eq sincojf. 

These expressions for the induced E.M.E. are of fundamental signi¬ 
ficance in all cases in which a closed conductor rotates in a homo¬ 
geneous magnetic field. If the conductor does not consist of one single 
loop (as assumed so far) but of n turns of wire, then the induced E.M.E. 
is n times greater. This simply means that the factor Eq in the last 
formula is equal to wcoAB instead of coAB. 

The formula shows that the induced E.M.B. in a closed conductor rotating 
with uniform velocity in a homogeneous magnetic field is proportional to the 
sine of the angle between its plane and a plane normal to the lines of force. This 
is in harmony with the result obtained by experiment. 

It also follows from the formula that the induced current strength is pro¬ 
portional to the sine of the same angle. 

The Earth Inductor.—^The strength of a homogeneous magnetic 
field may be measured by rotating a plane coil of wire in it and 
observing the time-sum of the induced E.M.E. This method is used 
especially for measuring the strength of the earth’s magnetic field. 

According to p. 385 we have Hence if the flux 

alters from the value to the value Og in the time t, the time- 
sum or time-integral of the induced E.M.E. is given by 

JEdt = n{^2. ^ 2 )' 


E = Eq sinO = Eq sin 


. /2it 

“(t 
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In the case in which the coil of wire is rotated about a vertical axis 
in the earth’s magnetic field we have $ = AB^ cos 6 , where is the 
magnitude of the horizontal component of the magnetic induction of 
the earth’s field. Hence 

(cos $1 — cos 62 ). 

Suppose that the plane of the coil is turned through 180'^, starting 
from a position in which it is normal to the earth’s field, i.e. normal 
to the magnetic meridian. In this case we have 003 ^ 3 ^= cos 0 °= 1 
and cos 02 = cos 180° = —• 1 . The time-sum of the induced E.M.F. is 
therefore 

jEdi=:2nAB^. 

The quantity J may be measured by means of a ballistic galvano¬ 
meter; for it is equal to QR, where Q is the baUisticaUy measured 
quantity of electricity and R is the resistance of the whole circuit. 
Thus we have 

^ __ 2nAB^ 


from which the value of may be obtained by calculation. 

If now the same coil be mounted so as to turn about a horizontal 
axis lying in the magnetic meridian, the effective component of the 
earth’s field is the vertical one B^. As the coil is turned feom an initial 
horizontal position through 180° into the next horizontal position, 
the quantity of electricity passing any point of the wire is 

^ 2^AB^ 

Division of the last two equations gives 

Qi _ 

Q b; 

The expression QJQ is simply the ratio of the throws of the ballistic 
galvanometer in the two cases, and can therefore be obtained by 
experiment. Thus we have a method of measuring the ratio B^/B;^ 
of the vertical and horizontal components of the earth’s field. 

Referring to fig. 35, p. 131, we see that B^/B;j = tani, where i is 
the angle of inclination of the earth’s magnetic field. Thus this angle 
can be determined directly from the ratio of the throws of the ballistic 
galvanometer. The earth inductor is therefore a very suitable instru¬ 
ment for investigations of the earth’s field. 
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Fig. 23 is a diagram of the earth inductor employed by W. Weber. If it is 
desired to measure the horizontal component the axis M is adjusted so as to 
be exactly vertical, and the plane of the coil is rotated rapidly through 180° out 
of one east-west position (i.e. at right angles to the 
M o magnetic meridian) into the next. The throw of a 

r —=^==71 ballistic galvanometer coimected between the ends 

[ of the coil is then a measure of the quantity of 

f \ electricity Q passing through it on account of the 

If j j induced current. To determine the vertical com- 

\ V y J ponent B^, the outer frame of the instrument is 

^ rotated about the axis LL until the axis M is 

^ horizontal. Care must be taken to ensure that the 
axes M and LL both lie accurately in the same 
^ I W plane. The axis M is adjusted so as to coincide 

Fig. S 3 .—Diagram of an earth with the magnetic meridian. The coil is then 
inductor rotated rapidly through 180° about the axis M from 

one horizontal position into the next, and the cor¬ 
responding throw of the ballistic galvanometer is observed. The values of the 
components of the intensity of the earth’s magnetic field obtained in this way 
agree with those previously given in § 6, p. 128 et seq. 


6. The Most General Form of the Law of Induction 

The Electric Vortex Field.—The law of induction is capable of a 
much deeper interpretation than we have hitherto put upon it. We 
have seen that, when the magnetic flux through a closed conductor 
varies with time, a circuital E.M.F. is 

a nduced. This means that the line-integral 
^(decreasing) electric field Strength round the closed 

I path formed by the conductor does not 

I vanish (p. 30). 

E The electric field associated with the in-- 

duced current is therefore a vortex field. 

Fig. 24.—Electric vortex field This vortex field is not occasioned, how¬ 

ever, by the existence of the conductor. 
The induced ciccuital E.M.F. is obviously independent of the ohmic 
resistance of the circuit. Hence we may imagine this resistance 
to he increased indefinitely, until finally the induced current 
strength would be zero. In spite of this the circuital E.M.F. would 
still be induced. It would then give rise to an electrostatic field with 
closed lines of force encircling the magnetic flux. Such a field 
must be produced throughout the whole of the space surrounding the 
varying magnetic field (see fig. 24). This field does not represent a 
state of static equilibrium; it only persists as long as the magnetic flux 
which it surrounds continues to vary with time. 

We must assume that this vortex field is also produced in the 
absence of dielectric, i.e. in a vacuum. It is completely analogous to 
the magnetic vortex field surrounding a conductor through which an 
electric current is flowing. The experimental proof of the existence 
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of tEe induced electric vortex field in space devoid of matter Eas been 
provided hy H. Hertz, wEose expernnents we sEall discuss in § 2, 
p. 621 et seq. 

Hence follows tEe most general statement of tEe law of induction, 
first given by James Clere Maxwell * about 1870: 

A variable magnetic flux is associated with an electric vortex field, 
whose direction is everywhere at right angles to that of the magnetic 
field and whose circuital potential is e^ual to the rate of decrease of 
the magnetic flux. 

Determination of the rate of decrease of magnetic flux in the ease 
of moving bodies. —^In this form and in the form given on p. 385 
tEe induction law Eas no definite meaning when appEed to moving 
bodies, unless we Eave some principle to determine wEat magnetic flux 
at time dt to be compared with the flux as defined at time t. 
TEis principle is as follows: The surface chosen for the calculation of 
the flux shall be determined throughout hy the same material paHs of the 
moving system. 

As an example of this we may take tEe experiment in wEicE a 
current is induced by tEe motion of a soEd metal disc in a magnetic 
field (p. 378). In discussing this experiment we explained tEe induced 
E.M.F. as due to tEe motion of tEe contiguous spokes ’’ of tEe soEd 
wEeel, i.e. we referred it to surfaces rigidly connected witE tEe moving 
system. TEe principle stated above at once becomes clear wEen we 
remember tEat tEe carriers of electricity (electrons in metals and ions 
in electrolytes) share the motion of tEe moving system. 

7. Mutual Induction and Self-induction 

Mutual Induction.— A closed conductor cariymg an electric current 
is surrounded by a magnetic field. Any variation of this field must 
induce an electric current in a second closed conductor situated in 
tEe neigEbourEood of the first. Hence any variation of the current 
strengtE in the first circuit must induce a current in tEe second. We 
Eave already become acquainted witE this phenomenon on pp. 372 
and 387. 

In fig. 25 let I and II represent the two neighbouring cncuits. A 
current of any desned strengtE can be sent through the primary 
circuit I: in the secondary circuit II is connected a voltmeter or 
galvanometer. 

WEen the circuit I is closed, a certain magnetic flux passes through 
the surface bounded by it. TEe magnitude ®' of this flux is proportional 
to the primary current strengtE. A certain fraction of it, determined 
by the shapes of the two cEcuits and by their relative positions, wfll 
pass througE the surface bounded by the cEcuit II. TEe flux O through 

* See footnote, Vol. II, p. 47. 
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tEe secondary circuit is also proportional 
strength I, and we may write: 


0 = MI. 


to the primary current 


In this equation M is a factor depending only upon the geometrical 
shapes and the relative positions of the two circuits, and independent 
of the primary current strength I. It is called the coefficient of mutual 
induction or the mutual inductance. 

Alteration of the current strength I by moving the contact K 
along the rheostat E causes the magnetic flux O through the secondary 
circuit to alter in the same ratio. An E.M.F. (or a current) is therefore 
indicated by the instrument in the circuit II. As we have seen above, 
the induced E.M.F. is equal to the rate of decrease of the magnetic 
flux. Thus when the variation of <I> is uniform it is given by 
E = — (€>2 — When the variation is not uniform, the above 

quotient must be replaced by the diflerential coefficient, thus: 



Substituting O = MI and remembering that M is a constant, we 
have 


E = ~M 


dt ‘ 


JT 


From this we see that, when ^=1, i,e. when the current strength 

increases uniformly by one unit per second, the equation reduces to 
E = — M. Hence we obtain the new definition: 

The coefficient of mutual induction or 
the mutual inductance is numerically equal 
to the E.M.F. induced in the circuit 11 when 
the current strength in the circuit I varies at 
the rate of one unit per second. 

In this definition the circuits I and II 
are interchangeable. The system possesses 
unit mutual inductance when a variation of 
current strength in one of the circuits at 
the rate of 1 ampere per second induces an 
E.M.F. of 1 volt in the other circuit. The 
• unit of mutual inductance defined in this 
way is called 1 henry.* 

In fig. 26 each of the two circuits was represented as consisting of 
only one turn of wire. If we replace the circuit I by a coil with % 
turns, the magnetic flux produced by the primary current I will be % 

* In honour of the American physic^t Joseph HEiutT (1797-1878). 



Fig. 25.- -Mutual iaduction 
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times greater titan before. Similarly if tbe conductor II be replaced 
by a coil with, turns, the flux <I> thcough one turn is to be reckoned 
^2 times; for the induced E.M.F.s in all the turns add together owing 
to the fact that the turns are all connected together in series. Hence 
in calculating the mutual inductance we get the factors % and 5 ^ 2 ? 
and therefore: 

The mutual inductance of two circuits with % and n 2 turns respectively 
is proportional to the product 

When the primary current I in the circuit I is switched off by 
opening the switch U (fig. 26), the flux decreases to the value 
zero in a very short time. Hence the induced E.M.F. in the other 
circuit may assume a very high value (p. 516). 

Self-induction.—^When only the circuit I is present, the whole of 
the magnetic flux produced by the primary current simply passes 
through the surface bounded by this circuit. Any alteration of the 
current strength I causes an alteration of this flux. If we look 
along the magnetic lines of force in their positive sense, the primary 
current will appear as clockwise. Suppose now that the current 
increases. This will cause the magnetic flux to increase, and 
consequently an E.M.E. and electric current will be induced in the 
anti-clockwise sense, i.e. in the opposite sense from the inducing 
current. 

An increase of the strength of the current flowing in a circuit gives 
rise to an induced current in the opposite sense in the same circuit. The 
effect of this induced current is therefore to retard the increase of the in¬ 
ducing current. 

Conversely, when the strength of the inducing current decreases, 
the magnetic flux through the coil also decreases. Consequently 
an E.M.E. and electric current are induced in the clockwise sense, as 
viewed along the positive sense of the magnetic lines of force. In this 
case the direction of the induced current is the same as that of the 
inducing current. 

A decrease of the strength of the current flowing in a circuit gives 
rise to an induced current in the same sense in the same circuit. The 
effect of this induced current is therefore to retard the decrease of the in¬ 
ducing current. 

If the circuit does not consist of a single loop of wire, but of a coil 
with many turns, the inductive effect produced by a variation of the 
current strength is more pronounced (see below); for the magnetic 
flux corresponding to the current in any particular turn passes 
not only through the surface bounded by that turn, but also through 
all the surfaces bounded by the other turns. The process whereby a 
variation of current strength in a circuit produces an E.M.E. in the 
same circuit is known as self-induction. 

The magnitude of the induced E.M.E. is proportional to the rate of 
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variation of tlie strengtli of the inducing current. A sudden interrupt 
tion of this current may give rise to a very high self-induced E.M.P. 
Indeed the seU-induoed E.M.F. may far exceed the inducing E.M.P. 
(fig. 9, p. 613). The former is equal to the change of magnetic flux 
divided by the corresponding time. Now when the current is suddenly 
switched off, the time taken for the flux to fall to zero is very small. 
It is actually observed that the spark appearing at the point where 
the current is broken may be much longer than would correspond 
to the primary E.M.E. 

The EM,F, induced on dosing the circuit is in the opposite sense 
from the primary current: the EM.F. induced on opening the circuit is 
in the same sense as the primary current. 

The occurrence of the so-called ‘‘ extra currents ” produced by these induced 
E.MT.s was demonstrated by Faeaday in the following manner. 

S S 


1 

if" M 


Fig. 26a.—^Demonstration of the momentary Fig. 265.—Momentary induced 

induced current on closing circuit current on opening circuit 

1. E.M.F. induced on closing the circuit.—Between the binding screws M 
and N {fig. 26 a) are connected in parallel a galvanometer V, a coil of low ohmic 
resistance, and a battery B with switch U. When the current is switched on by 
closing U, the pointer of the galvanometer assumes (after a time) a certain con¬ 
stant position. It is then held in this position by some object (e.g. a small rod S) 
which prevents it from returning to zero when the current is switched off again, 
but which does not hinder it from moving in the opposite direction. When now 
the current is switched off and then switched on again, the pointer of the gal¬ 
vanometer moves farther away from the zero position. This would be impossible 
if the E.M.F. at the moment after switching on the current were the same as that 
during the subse(g[uent steady state. The explanation is as follows. At the moment 
of switching on the current I (see figure) an E.M.F. is induced in the coil in the 
direction of the^ dotted arrow II, i.e. in the opposite sense. In the branch of the 
system containing the galvanometer, however, this induced E.M.F. causes an 
instantaneous current in the same sense as the primary current. It will be seen 
from the figure that, though the primary and induced currents flow in the same 
sense through the galvanometer, they flow in opposite senses through the coil. 
The induced current is therefore such as to retard the increase of current strength 
through the coil. 

2. The E.M.F. induced on opening the circuit.—This may be demonstrated 
with the arrangement shown in fig. 26 h (method due to Faeaday). The only 
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difference from fig. 26 a is that the pointer of the galvanometer is prevented by the 
small rod S from moviag out of its zero position in the direction corresponding 
to the primary current. It is free^ however, to move in the opposite direction. 
The switch U is first closed and is then opened again. On opening the switch the 
pointer of the galvanometer is deflected violently in the dicection opposite from 
that in which it would (if free) have been deflected by the original current. It 
will be seen from the figure that the induced “ extra current ’’ II flows in the 
same sense as the primary current I through the coil, but in the opposite sense 
from the primary current in the branch of the system containing the galvanometer 
(e.g. at A). 

The magnetic flux <I> is always proportional to the strength I 
of the current producing it (p. 183). If the circuit consists of a coil 
of wire with n turns, each of the magnetic lines of force threads through 
all of the turns. The total flux is therefore n times the flux through 
each turn, and we may write 

nO = LI. 

In this equation L is a factor depending only upon the geometrical 
shape of the conductor in which the self-induction occurs. It is called 
the coefidcient of self-induction or the self-inductance. From the 
above equation we see that: 

The self-inductance of a circuit is equal to the magnetic flux through 
the circuit ^produced by unit current strength. 

Suppose that an alteration of the current strength from to Ig 
causes the flux through each turn to change from to <1>2- Then 
and nOg = Llg. According to p. 385 the induced E.M.F. 
is given by E= ^^ 2 )/^* Substituting the values of and 

n ^2 obtained, we have 

tf 


If the alteration of the current strength does not take place at a 
tmiform rate, we must write instead 


E= —L 


dt' 


The negative sign corresponds to the fact that the E.M.F. induced 

when the primary current strength increases (i.e. when is positive) 

is in the opposite sense from the E.M.F. of the indncmg current. 

In the special case in which the current strength varies uniformly 
/ d\ \ 

by one unit per second /i.e. induced E.M.F. becomes 

numerically equal to L. Hence the new definition: 

The self-inductance of a circuit is numerically equal to the E.M.F. 
induced in it when the current strength mries at the rate of one unit fer 
second. 
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TLe unit of self-inductance is determined by tbe cboice of tbe 
units of current strength and E.M.F. If the current strength be mea¬ 
sured in amperes and the E.M.F. in volts, the unit of self-inductance 
is 1 henry. Thus: 

A circuit possesses a self-inductance of 1 henry when a variation 
of the current strength at the rate of 1 ampere per second induces in 
it an E.M.E. of 1 volt. 

The Self-inductance of a Ring-shaped Solenoid.—Suppose that the 
solenoid has a length I and that it consists of n turns each of cross- 
section A. The magnetic fluz through each turn is then 

where B and H are respectively the magnetic induction and the field 
strength of the internal field, and I is the strength of the current flow¬ 
ing through the solenoid (compare p. 178). The total flux is n times 
the flux through each turn. Hence the induced E.M.E. corresponding 
to a uniform variation of the current strength from \ to I 2 during the 
time interval t is given hy 

E = ^^ 2 ) _ f^Qn^A . (Ii I 2 ) __ T (^1 ^ 2 ) 

t It t * 


Thus the self-inductance L of the solenoid is 

L = 


This equation may be brought into another very useful form. If 
r is the radius of each turn, we have A = and hence L = 

Now 27Tm is the total length (D say) of the wire. The equation there¬ 
fore transforms (p. 379) to 




^^0 10-9 

i-rr l~ 


I • 



Fig. 37 *—Variable self-inductance 


The above formulae may he used 
as rough approximations in the case 
of closely wound straight solenoids. 
For circuits of more complicated 
shapes empirical formulae must he 
employed. 

The Construction of known Self-induc¬ 
tances.—Self-inductances of 1 henry or of 


a fraction of 1 henry for measuring purposes 
are constructed in the form of coils carefully wound upon marble or serpentine. 

Variable Sdf4iid%ctance,—A convenient type of variable self-inductance is 
illustrated in fig- 27. It consists of a coil of wire with a number of turns which 


may be pulled out like a spiral spring. As the distance between the turns is 
increased, the fraction of the magnetic flux of each turn which passes through the 
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otlier turns becomes smaller, and therefore tie self-inductance is diminished with- 
out tue onmic resistance being affected. 

The type of rariable self-inductance most frequently used consists of a system 
of two coils connected in series (variometer). One of the two coils is smaJler 
than the other and may be rotated within it. The self-inductance of the com- 
bmation is a maximum when the planes of the two coils are paraUel and when 



Fig. 28 and Fig. 29.—^The Campbell variable mutual inductance 


[Cambridge Instrument Co., Ltd., London.] 


tbe sense of tbe current througli both coils is the same. The -minimuTYi self-induc¬ 
tance corresponds to the position in ■which the planes of the coils are parallel, 
but in which the current passes through the coils in opposite senses. Any desired 
intermediate self-inductance can be obtained rapidly by suitable rotation of the- 
inner coil. 


Figs. 28 and 29 show the construction and internal connexions of the 
Campbell Variable Mutual Inductance. P and (fig. 28) are two equal 
coaxial coils forming the primary circuit. They are wound in the same 
direction, connected in series, and their ends and middle 
point brought out to terminals D, a (fig. 29) on a dial. -nJlJlJlr- 
The secondary consists of three circuits, one of which (S) 
is movable and is connected with a pointer and scale; the 
others (A and B) are fixed, and connected in inductive 00000 Q 

series between the terminals E and H, while the movable a A a A a 

secondary is connected between F and Gr. -“A^VVV^ 

N 071 - i 7 hdi'U/Ct'lV& Fig. 31.—Symbols used- 




Jy 071 - 1 / 7 lCt'l 0 Ct'bV& Fig. 31.—Symbols used- 
. T 2 V E WmdiTig .—^Formany ^ diagrams to represent 

p^c^es it is desm S‘riTT"to“oI 

^ denotes a resistance witb- 

G ^ g with as low a self- out self-inductance; the 

^ ^ S (2 inductance as pos- symbol, a self- 

b e sible. The coilB of 

Fig. 30.—^Bifilar non-inductive winding resistance ‘wire in the bottom symt3ol, a 

of resistances resistance boxes (p. resistance generally.) 

224), for example, 

must be wound so as to be free &om self-inductance. For this reason hifilar 


wtTidmgs of the type shown in fig. 30 are employed (so-called Tion-hiductive 
wmdmg). These may be regarded as made up of two opposing coils such that the 
fiux through the one compensates the flux through the other. The residual flux is 
therefore zero, or at any rate so small that the self-mductance L may be neglected. 

In diagrammatic representations of electric circuits we shall employ the 
symbols for resistances and self-inductances given in fig. 31, 
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Relation between Self-inductance and Mutual Inductance. —^For tlie 
case of two coils arranged in sucli a way that tlie magnetic flux due to 
eacE passes completely and in tEe same direction tErougE EotE, it 
may easily be deduced from tEe formula given above tEat tEe 
mutual inductance M is given by 

M = VL 1 L 2 , 

where and Lg are the self-inductances of the two coils. 

The lines offeree due to both coils being in the same sense, the mutual 
inductance is equal to the square root of the product of the individual self- 
inductances. 

If the flux due to each coil does not pass completely thxougE 
the other (fig. 25, p. 394), the actual value of M is smaller than tEat 
corresponding to the above formula. Account may be taken of this 
by the introduction of a factor h<l, viz. M = iiVLiLg. TEis factor 
Jc is known as the coupling factor. 

According as h is large or small, tEe coupling is said to be tight 
or loose. The tightest coupling is when the whole of the flux 

due to each coil then passes through the other. 



CHAPTER XIII 


Magnetic Fields in Space containing Matter 

1. Fundamental Phenomena 

We have abeady discussed on p. 206 the phenomenon that the 
magnetic field in the space surrounding a solenoid is considerably in¬ 
tensified by the introduction of an bon core. We explained this effect 
as due to cbculatory molecular currents in the interior of the bon. 
The magnetic fi/ux through the solenoid 
is also altered by the introduction of any 
material substance (especially bon). 

Let us consider this further with the 
help of the arrangement shown in fig. 1. 

In order that the field may be well 
defined, we employ a ring-shaped coil 
with a narrow gap at the place where 
the leads pass to the battery. As has 
been explamed earlier, the magnetic 
jield lines in the interior of the coil 
(supposed devoid of matter) are all 

closed. With the help of a test coil ^ 

, T , 11 i / n \ Fig. I. —Field of force of a rmg-shaped 

connected to a voltmeter (see nguxe) we coil with narrow gap 

can show that the same is true of the 

magnetic lines of force. (The magnetic lines of force are related to 
the induction B in the same way as are the magnetic field lines to 
the field strength H.) 

When the test cod is brought near to the rmg-shaped cod or rotated 
in its neighbourhood, no deflection of the voltmeter is observed. Hence 
there are no lines of force outside the ring-shaped cod. But if we 
introduce the test coil radially into the gap of the ring-shaped cod, 
we obtain a deflection of the voltmeter such that the time-sum of the 
induced E.M.F. corresponds to an increase in the number of lines of 
force passing through the test cod from zero to the total number in 
the interior of the ring-shaped cod. Provided that the diameter of 
the test cod be sufficiently large, we may arrange that it shall encbcle 
the ring-shaped cod, as indicated in the figme. We may then move 
the test cod so as to pass right round the ring-shaped coil, encbcling 
it the whole time. The leads to the ring-shaped cod must be twisted 

(1617) 401 27 
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togetlierj so as to Lave no magnetic effect. No induced E.M.F. is 
observed in tbe test coil—a proof that the magnetic flux through this 
coil must remain constant. The magnetic lines of force must therefore 
be closed. 

If H is the magnitude of the magnetic field strength in the interior 
of the ring-shaped coil (supposed devoid of matter), then the magni¬ 
tude Bq of the magnetic induction is /XqH and the magnetic flux is 
BqA, where A is the area concerned. Suppose now that the interior 
of the coil is filled with a ring of icon with a narrow gap in it. All 
the lines of force still run in the interior; but on introducing the test 
coil radially into the slit, a deflection of the voltmeter is obtained 
corresponding to a time-sum of the induced E.M.F. about a thousand 
times greater than before. The number of lines of force in the interior 
has therefore been increased about a thousandfold by the introduction 
of the iron core. 

When a ring of nickel or cobalt is used, we obtain about a hundred¬ 
fold increase of the number of lines of force. With other substances 
such as aluminium, copper or wood, there is no observable effect. 
In the case of bismuth very exact measurements show that there is 
a small decrease in the number of lines of force. Substances which 
increase the number of lines of force in the interior of the ring-shaped 
coil are said to be paramagnetic, those which cause a decrease are 
said to be diamagnetic.^ 

Though for most paramagnetic substances the increase in the 
number of lines of force is only about one part in a hundred thousand, 
with iron, nickel and cobalt it is of the order of magnitude of 100 to 
5000 times. Substances which produce such a large increase are said 
to be ferromagnetic.^ 

2. Description, of Magnetic Fields in Space containing 
Matter 

Field Strength (or Intensity) and Magnetic Induction (or Flux 
Density). —The characterization of a magnetic field by the field 
strength (or intensity) H (measured in ampere-turns per cm. or 
amperes per cm.) and by the magnetic induction (or flux density) 
B (measured in volt-seconds per cm.^) permits of a simple ex¬ 
tension of the results for fields in space devoid of matter to fields 
in space containing matter. The method is similar to that with which 
we have aheady become acquainted in the description of electrostatic 
fields by means of the vectors E and B. 

* Gr., did, throngli, away; near, Mtlier. The terms refer to the forces acting 
on the respective substances in an xmhomogeneons field; paramagnetic bodies tend 
to move towards regions of greater field strength, diamagnetic bodies towards regions 
of lesser field stren^h. (For further details, see p. 410.) 

t Lat., ferrum, iron. 
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In tte case of electrostatic fields we found tliat tlie transition of 
tlie field from vacuum to tlie dielectric was vortex-free as described 
by tlie vector E, and source-free as described by tlie vector D. In tlie 
same way tlie transition of the vector H from vacuum to a material 
substance is vortex-free (or irrotatioml) and the corresponding transition 
of the vector B is source-free (or solenoidal). At the surface forming 
the boundary between the two media, the tangential component of H 
(like that of E) is continuous, and likewise the normal component of 
B (like that of D). 

Eeferring to fig. 109, p. 89, for example, we see that the vector 
D extends into the dielectric without discontinuity. Indeed the object 
of its definition was to enable us to de¬ 
scribe the field without taking account of 
the matter present. The transition of the 
vector D from vacuum to dielectric is thus 
source-free. 

The same is true of the vector B in 
the case of magnetic fields. Consider, for 
example, a ring-shaped coil with an iron 
core in which is a narrow gap. Suppose 
that the lines of force within the core are 
uniformly distributed over the cross-section. 

Then, neglecting the spreading of the lines 
of force at the gap (see fig. 33, p. 423), the 
number of these lines crossing the air gap 
is the same as that in the core and their 
distribution is also the same; for accordiug 
to p. 116 the hues of force are all closed. “ 

As the above experiment shows, the mag¬ 
netic flux through a cross-section of the air gap is the same as that 
through a cross-section of the iron. 

TMs can also be demonstrated -witli the help of an iron core made in two 
pieces as in fig. 2. When the test coil is introduced into one of the gaps, an in¬ 
duced E.M.F. of short duration is observed, whose magnitude corresponds to 
the number of lines of force crossing the gap. The two halves of the iron core 
are now pushed together so as to close both gaps. This produces no effect in the 
test coil, showing that the magnetic fius has remained unaltered. Hence the 
number of lines of force in the air gap must be the same as in the iron. 



The transition of the vector B from the air into the iron is therefore 
source-free. 

We will now consider the vector H. The purpose of this vector is to 
describe the fact that the field strength produced within the 
above ring-shaped coil by a given constant current flowing in it is 
independent of the nature of the material of which the core is made. 
One and the same number of ampere-turns can, however, produce 
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different numbers of lines of force in tbe interior, since tbe lines of 
force correspond, not to H, but to B. 

Just as in tbe case of electrostatic fields tbe vectors E and B were 
connected by means of tbe dielectric constant, so in tbe present case 
tbe relation between B and H is expressed by a similar equation, 

VIZ. 

B = 

Tbe factor fx is called tbe relative permeability (p. 207). It is a measure 
of tbe increase of tbe magnetic flux by tbe lines of force of tbe mole¬ 
cular currents of tbe material medium. 

Tbe above equation may also be written in tbe form B == H. 
Here jtXabs. == H'F'o known as tbe absolute permeability. In wbat 
follows we sball always understand by tbe term permeability tbe 
purely numerical quantity /x. 



Fig. 3.—^Homogeneous magnetic field in non- Fig. 4.—^Diagram of lines of force 

magnetic medium (diagram of lines of force) with iron in the field 


We now proceed to consider H in tbe interior of tbe material 
medium, following tbe method previously adopted for tbe vector E 
in tbe analogous electrostatic case (p. 89). 

Into a homogeneous magnetic field (fig. 3) we introduce a piece 
of soft iron (fig. 4). Tbe diagram of tbe lines of force (corresponding 
to B) is thereby changed in a manner corresponding to that of fig. 109, 
p. 89, where a body of higher dielectric constant was introduced 
into an electric field. 

In tbe case of a magnetic field, however, tbe phenomena are much 
more marked. Tbe piece of icon becomes a magnet, with a field of 
its own (see fig. 5). It will be noticed that tbe lines of force of this 
induced field are to some extent opposed to those of tbe original field. 
Tbe field shown in fig. 4 is obtained by tbe addition of tbe fields 
sboTO in figs. 3 and 5. Thus tbe fact that tbe lines of force of tbe 
originally homogeneous field are as it were sucked ’’ into tbe iron 
is due to tbe superposition of tbe fields of tbe molecular magnets. 

Let us now trace tbe course of tbe fidd lines (corresponding to H) 
from tbe external space into tbe iron. For this purpose we imagine a 
thin tube bored through tbe body in tbe direction of tbe field lines 
(see fig. 6, in which tbe superimposed homogeneous field is not shown). 
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This tube is to he imagined as devoid of matter. We may now suppose 
the field strength H in the tube to be measured by any of the 
methods previously described. It will be smaller than it would be if 
the iron were not present; for a certain number of the field lines of 
the directed molecular magnets are opposed to the field lines of the 
original field. 


Note ,—^The distribution of the resultant field strength Hj in the interior of 
the iron is in general dependent upon the shape of the body and upon the strength 
Ha of the field in the space devoid of matter. Only in the case of an ellipsoid of 
revolution is the internal field strength proportional to and homogeneous 
when the original field is homogeneous. 

It is very instructive to consider the application of the above to the case of a 
bar magnet. We form the line-integral of H round a closed path, starting from 
the north pole and passing along a field line through the external space to the 
south pole and then back to the north pole through a narrow hole imagined 



Fig. 5.—^Lines of force due to the induced 
magnetization of the soft iron 



Fig. 6.—Field strength in the intericsr of 
the iron (diagram of field lines) 


hored through the magnet. It is seK-evident that the value of the closed line- 
integral so obtained must be zero; for no current flows through the surface bounded 
by the closed path. 

Take, for example, the case of an iron ring magnet (toroid) with a narrow' air 
gap (fig. 7). Here we may regard both and as constant. Hence the line- 
integral of H round the closed path shown in the figure (w'hich is to be imagined 
as passing through the magnet within a circular tube containing only air) will be 
given by 

where 1^ and are the lengths of the path in the iron and in the air respectively. 
From this equation we have 

TT. = — 

The field strength in the interior is therefore very small in comparison with that 
in the gap, and is in the opposite sense. 

Tbe transition of H from tbe external space into tbe matter is 
therefore accompanied by a discontinuity. 

The transition is vortex-free, however; fox the line-integral round 
a closed path vanishes, as shown above. 

We will now consider the relation between magnetic field strength 
and magnetic induction. As we have seen above, the definition of B 
in the interior of a material medium is similar to that o£ I) in the 
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analogous electrostatic case (see fig. 108;, p. 89). Thus we imagine a 
very thin layer cut out of the body at right angles to its magnetization 
(fig. 8). This corresponds roughly to the air gap of the toroid in fig. 
7. The magnetic flux through this layer, which is supposed devoid of 
matter, is times greater than it would be in the absence of the body; 
for the lines of force from all the directed molecular magnets pass 
through it. The magnetic induction B is times the effective or 
resultant field strength which is equal to the original field strength 
diminished by the strength of the fields of the directed molecular 
magnets. 

If we form the line-integral of the magnetic induction around a 
closed path through a permanent magnet (e.g. a toroidal magnet like 
that in fig. 9), we shall obtain a value not equal to zero. The value 

Fig. 7. — Line-integral of the field Fig. 8.—^Magnetic induction in the 

strength H round a closed path through interior 

a toroid with narrow gap. 

obtained by passing a number of times round the path is proportional 
to that number. This is again self-evident; for within the magnet 
the integration path threads through the molecular circulatory cur¬ 
rents, whose planes are normal to the lines of force. 

Refraction of Magnetic Lines of Force. —The vector H may be 
defined in the interior of a material body as the vortex-free continuation 
of the external field. The line-integral of the field strength round a 
closed path passing through a magnet is zero. On the other hand 
we see from figs. 6 and 7 above that there is a change in the direction 
of the field lines at the transition from vacuum (or air) to the material 
medium; the polar regions act as sources or sinks. In contrast to this 
the transition of the vector B (i.e. the lines of force or lines of induc¬ 
tion) is source-free; for the lines of force are always closed. Just as 
in the case of the field lines and lines of force of an electrostatic field 
(p. 92), we have a refraction of the magnetic lines offeree. In the source- 
free transition the normal component of the vector B shows no dis¬ 
continuity: in the vortex-free transition the tangential component 
of the vector H shows no discontinuity. (Compare p. 91.) Hence 
writing the subscripts a and i to denote vacuum (or air) and the in- 
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terior of tEe material medium respectively, and tEe subscripts n and 
t to denote normal and tangential components respectively, we Eave 

"D _ T? • _ P'i ^ -nr _ _ tt . 

■^an '^iuj - > TT~-? ^at — •^it9 

P'i -^in f^a 


wEence (see fig. 10) 


tanag _ fCg 
tana^- jXi 


In tEe case of ferromagnetic substances (e.g. iron) is very large as 
compared witE tEe value /x^ = 1 for air. Hence tEe lines of force 




Fig. 9-—Line-integral of the magnetic Fig. lo.—Refraction of magnetic 

induction B round a closed path through lines of force 

a toroid with narrow gap. 


are practically always normal to tEe surfaces between sucE materials 
and tEe air. 


Susceptibility.—Smoe in very many cases tEe permeability is very 
little different from unity, anotEer quantity is frequently used to 
cEaracterize tEe magnetic properties of 
X substances. 

We Eave seen above ^ 

^ tEat sources or sinks 

y<vl(yx PC/ of tEe vector H occur ls=: S=: S=: 

interface be- 

^tween a material body Ig H H H ^ txm 
and vacuum or, more 
generaEy, between any IH ^ 

Kg.ii.-Diagxamoftha tWO material bodices. „._i„du«d 

direaed molecule currents may interpret tMS magnetization 

in a magnetic field. <> 

as follows: 


Fig. 12.—Induced 
magnetization 


When a magnetizable substance is introduced into a Eomogeneous 
magnetic field (fig. 11), tEe molecular circulatory electric currents are 
orientated so tEat tEen planes are normal to tEe field. TEis gives tEe 
state depicted in tEe figure. Replacing tEe molecular currents by 
molecular magnets (as in fig. 12), we see that tEe Eead to tail arrange¬ 
ment produces a compensation of nortEem and soutEem polarity in 
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the interior of tlie substance^ but that a magnetic layer ’’ (i.e. a 
layer of uncompensated molecular north or south poles) appears at 
the surfaces. 

In the external space, therefore, the magnetic induction Bq = /xqH 
corresponding to the original field strength H is increased by an amount 
equal to the magnetic flux density of this magnetic layer 

The state of affairs is analogous to that treated on p. 88 in con¬ 
nexion with electric fields. Just as there we introduced a vector I 
(the electric polarization, p. 99), so here we introduce an analogous 
vector to characterize the “ magnetic layer In analogy with the 
electric case, the vector gives the magnetic moment per unit volume 
for the corresponding field strength H. 

The magnetic induction of the “ magnetic layer ” referred to 
above is put equal to k/jlqB. and the factor k is called the susceptibility. 
Thus kiiq corresponds to the constant e of p. 101. The actual magnetic 
induction B is therefore given by 

B = k) = 

Hence it follows that k = jtt — 1. 

It was mentioned above that the quantity k refers to unit volume. 
In scientific literature the electromagnetic so-called O.G.S. units are 
taken as basis, and the quantity {y, — l)/(47r) is always defined as the 
susceptibility. We will designate this quantity by k\ We then have 
the relationships: 

K == 47r/c' and /^ = 1 + 47 tk:'. 

The value of k is positive for paramagnetic substances and negative 
for diamagnetic substances. 

Force Effects in an Xlnhomogeneous Magnetic Field. —Just as a 
body with a dielectric constant different from that of the surrounding 
medium is acted upon by forces when placed in an electric field, so 
also for a body with a different permeability from that of its surround¬ 
ings and situated in a magnetic field. 

A system possessing a dipole field (e.g. a bar magnet, a solenoid, a 
circulatory electric current) can be acted upon only by a turning 
moment when placed in a homogeneous field. In consequence of the 
induced magnetization (or, otherwise expressed, in consequence of 
the refraction of the lines of force) a long bar of icon is also acted upon 
by a turning moment. The stable position of the bar is that in which 
its longitudmal axis is in the direction of the magnetic field. In the 
case of substances whose permeability is not very different from 
unity (whether parama^etic or diamagnetic) a cylindrical piece has 
no specially stable position. (This is connected with the law of refrac¬ 
tion of the lines of force, p. 407.) Not until we come to consider un- 



